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LASER TARGET FABRICATION AT THE NAVAL RESEARCH LABORATORY
by

Loretta Mengel Shire

Nava] Rescarcli Laboratory
Aicroelectronies Processing Facility
4535 Overlook Ave. S\,
Washington DC. 20375-5000

INTRODUCTION

Three years ago the Microcleetronies Processing Facility (MPFE) part of the cleetrean
1es setence and techuology division at the Naval Rescarchi Laboratory (NRL). expanded
its functions to include production of microstructures. The main interest was to design
and fabricate laser targets for experiments on the NRL Laser Plasma lah’s 1O, Nd-
glass Pharos I laser and other lasers used by the Space Science and Plasma Physies Di
visions. This paper will inelnde a deseription of the MPFEF and its capabilities, some ex
amples of successfully produced targets. details of the fabrication of one particular target.

and a brief discussion of some of the new processes and samples that are being developed.

AMICROELECTRONICS PROCESSING FACILITY

The MPFEF was originally set up to fabricate expernmental electronie structnres and
integrated cireuits for the various labs at NRRL. Additional Juuctions now include: making,
Stand GaAs test deviees for reliability studies, modelling devices, and stuaving the effeers
of hostile environments, such as radiation effeets, on device performanee. The NIPE s

orgamzed into sectjons for:
o VAN hased CAD combined with VALID and GEPN workstations

o I Beatn writine vsinge, Canbridee EBNE GO o LIEOL BN SDI nanowrniter,

o phatolithopraphy vistne hoth nepative sund positive reast.,



o clectroplating of metals

e chemical vapor deposition

e Gaas Processing

e evaporation and metallization using filament. E-beam. and inductively heated
sources, and sputtering systems

e device modelling

» oxidation and diffusion

e measurcment and testing including an SENM and electrical test equipment

e assembly and bhouding. including sawing. scribing. and packagiug

The exiscence of these processing capabilities allowed the MPFE to expand its opera
tion mto the production of microstructures, A lab dedicated to microstructure assembly
was set up with very little need for additional equipment. Most of the microstructures

fabricated to date llave been laser targets.

In addition to in-house capabilities. the NPF also has access to some testing and
production equipment located in other divisions at NRL. Some materials or jobs are
ohtained from or contracted out to outside companies for various reasons, for mstance,
materials that are readily available from a manufacturer or materiels that involve a safery

hazard which the MPF is not equipped to handle, e.g.. making Be foils.

L NAMPLES OF TARGET.;

The Laser Plasina Lab at NRL engapes in basie research to study the mmplosion
of inertial confinement fusion pellets. The surface of a pellet is modelled using, planar
targets rather than spherieal ones because the physies of the results is easier to mterpret,

A deseription of some of these targets, grouped by experiment s given below,



Inertial Confinement Fusion (ICF) experiments :

A) Rayleigh/Taylor instabilities in thin shells:

e milled structures in thin C foils

e Al tracer dots on plastic toil

e thin (6 - 25um) plastic and C plunar foils and double foils (parallel) with fixed
separation distaunces

e thin (6 - 12;0n) plastic foils with periodic perturbations whose amplitude and
wave length can be varied. e.g.. sine waves (spun on mandrils made by Rocky
Flats). square waves and multiple waves.

e Au and CsI cathodes for Xeray streak camera

B) Laser plasma interaction studies (e.g.. Raman backscattering and sumulated Bril

louin scattering):
e thick (200pm), Hat polystyrenc strips, and plastic disks on glass stalhs
() Uniform target acceleration studics in ICF targets:

o single and double carbon foils (3-10p001)

e Li foils {which don’t cmit X-rays)

HANE (High Altitude Nuclear Effects) Experiments :

o 2 - 100 Al and Bi disks and squares on 15 - 350 diameter plass stalks
e Al Au, rare carth clement foils
e Ravleigh/Tavlor targets

Laser pumped X ray laser studies

e C'u (1000A) conted formvar films (12004) over shits

Tarn Cu foil with 100 sl

e special geometry tarpets

planar plastie film targets



Spectroscopy studies of high Z elements :

e spherical glass beads (200pm) on glass stalks (some with metals deposited on

them. e.g.. InSh. Nd. Pr. CsI)

Transmittance studies of metals and sarans in the deep UV spectral region :

e formvar or saran films over circular openings (some with centered metal dots)

X -- ray spectroscopy studies :

e mctal dots o polystyrene foils

AN EXAMPLE OF TARGET PROCESS FLOW

The following section describes the process flow for oue of the more interesting tar-
gets. This partienlar target involves the production of Cu-coated formvar films used for
laser-pumped X-ray studies. The target holder (called a stadium) is highly polished Al

with a 0.32am or a 0.5mm slit.
To make this target the following steps are employed:

1) Cast a 1200A formvar film on a glass slide and measure the thickness on a
Dektak, this is usually the crucial step because it is difficult to cast an even
film. end difficult to measure the thickness because of its softness,

2) Cut the film to size and float it off onto water.

3) Pick up the film from the water surface outo a stadium so that the filn is
correctly positioned over the slit, and allow it to air dry.

4) Vacuum evaporate 1000A Cu over the formvar film. This can be a problem

because heat from the evaporation can cause holes in the formvar.

This target was used to demonstrate soft X ray lasing in Cu for the first time. During
the experitnent . the laser bean hits the target from the top direction aud then produee.

a high temperature, high density plasia with an clectron temperatire of 300y and



density of a few times 107" electons/ce. The Xeray pinhole photograph shows thiat this i
not an exploding foil plasina and bur au ablating foil plasm. where higl density osenrs
imstead of expansion because the time scale 1s so minute. The camera 1s placed 907 1o
the laser beam and the line of focus is end-on straight down the evhindrical plasma. This
is a time integrated photograph. i.e.. the image ou the front surface forms first and the
rest forms later after breakthrough. Lasing 1s thought to occur on the front side of the
target between 200um and 300um from its surface. The underneath portion represents

the breakthrough plasnia. The X-ray lasing occurs ar a wavelength of about 270 A.

DEVELOPMENTAL AREAS

The following are eithier new targers being developed or ongoing projects that huvve
! e 1 g J)

otfered & particular challenge:

o determination of surface cortannnation

spreading plastic filins over large arcas without developing pinholes or tears
e prevention of the oxidation causing peeling and flaking on evaporated filis

o keeping split foils flat and withi a constant width

embedding tracers imnto materials

spinning plastic sine waves with a planarized back

casting thin films of saran and other materials to study transmis=ion i the deep

UV region

The following are arcas where there is interest in future development. but no work

Lias been started:

o low densaty foanms

o thin, self supporting foil-

special geometry targets in three dimensions for lasing from nimltiple directions

o cryopenic targets. eog foam wirh denternnm



CONCLUSION

This paper has briefly described the Microelectronices Processing Facility at the Naval
Research Laboratory. Using existing equipment and techniques for microelectronies pro
cessing. target fabrication for plasma physics experiments involving high-energy lesers

has been developed and is routinely carried out.
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HIGH-SENSITIVITY RADIOGRAPHY DETECTS VERY SMALL DEFECTS
1IN LASER FUSION TARGETS

by

Duvid M. Stupin
Materials Science and Technology Division
Los Alamos National Laboratory
Los Alamos, NM 87545

Digital subtraction radiography is a near-real-time technique that can detect extremely
small variations in thickness or density. I used this technique with a microfocus x-ray source
having a nominal 10-um-diam focal spot to image 2-um-diam tungsten wires and thickness
variations as small as 0.1%' -2 measured over large areas. Although these samples were flat,
experiments using positioning techniques common to the target fabrication community
should yie!d similar sensitivities on spherical inertial confinement fusion (ICF) targets.
These tests were limited to 17-keV x rays, a useful energy for our targets. l hope to
eventually expand the technique to other energies as well.

The technique needs to be improved to detect. 0.1% thickness variatinns occurring witnin
areas as small as 10 um in diam to meet the needs of ICF target characterization. Such im-
provements are posaible with devices that are either described in the literature or available
commercially.

This method is fast and readily adapted to ICF-target-characterization techniques. To
reduce noisc, [ average 128 video frames in both a background and a foreground image, and
then subtract one from the other to reveal the defects. This image processing takes less
than 30 s on equipment that costs less than $10,000. Radiographing ICF targets in three
orthogonal positions easily provides background and foreground images; any cne of these

orthogonal views can serve as the background image for the other two.



DIGITAL SUBTRACTION KADIOGRAPRY

Digital subtraction radiography serves angiography* and other medical applications suc-
cessfully to extract minute x-ray signals from noisy backgrouads. Verhoeven® demonsrrated
that detecting surprisingly small changes in x-rav absorption makes this technigque usefu;
for industrial applicatiors as well. For flaw detection, an x-ray image of a perfect part (the
background image) is subtracted from the image of the flawed part (the foreground image),
leaving an image of only the flaw. For example, in digital subtraction angiography an x-ray
image of a body is subtracted from an image of the same body that has an x-ray-ocpaque
solution injected into the blood stream, producing an image of the blood vessels. Both body
images are stored digitally before subtraction. This latter technique can be a near-real-time
process if the background image is stored in memory and subtracted from the foreground
image as it becomes available. Images can be extracted from very complex backgrounds.

In ICF target characterization, the foreground and background images are orthogonal
views of the target. Usually three orthogonal views of each target are used to completely
characterize 1ts coating. Any one of thrse views can serve as the background for the other
two. Furthermore, it is not essential that ti e view selected for the backgiound be flawless,
because, in the processed-subtracted image, defects in the background image appear as the
negative of similar defects in the foreground image.

Areal density is the product px, where p i3 the material density and x i= the material
thickness. Hence, an areal density change is caused by a variation in thickness or density.
Smal! .seal density changes cause small changes in x-ray absorption. The noise in the
image limits detection of very amall changes in x-ray absorption because the defect must
be distinguishable from the noise. However, averaging video frames allows the detection of
the smallest x-ray absorption changes by improving the signal-to-noise ra‘‘o of a digitized
image. In addition, digitally subtracting an averaged background image from an averaged
foreground image removes fixed-pattern noise from the image. Such fixed-pattern noise
may be caused by defects in the imaging device. Hence, averaging ana digital subtraction
reduce two components of noise in the image. Video image proceasors costing $10,000 can
average a video signal and subtract it from a stored background image in a just a few
seconds more than the (ime needed to average the video frames.

Furthermore, the recent introduction of aeveral commercial microfocus x-ray sources
makens real-time and digital subtraction -adiography practicable for detecting small defects.
Iixceedingly amail changes in x-ray absorption can be detected in near real time with a

spatial resolution approaching that of x-ray film.



OPTIMAL X-RAY ABSORPTION

To detect such small changes in x-ray absorption, it ;s advantageous to use an X-ray
energy for which the upx product i1s 1 to 3, where u 1s the x-ray mass attenuation coef-
ficient (cm?/g).¢ An anode with characteristic K-lines in the erergy region below 25 keV
can produce x-r - fluxes higher than those from the conventional tungsten anode.’™® For
example, the x-ray flux from a molybdenum anode bombarded with 45-kV electrons is
about three times more intense than the flux from a tungsten anode. Furthermore, nearly
all x rays have the energies of the molybdenum K-lines between 17 and 20 keV. Therefore,
very intense, nearly monochromatic sources can be generated. The 17-keV x rays from
molybdeuum and the 22-keV x rays from silver are very sensitive to absorption changes in

my phantom, described below, because upx i3 1.35 and 0.7, respectively, for these energies.

The Phantom

To demons:irate the usefulness of the technique just described, I constructed a phantom
composed of three materials: stacked polyethylene sheets totaling 0.38 c¢m in thickness,
0.025-cm-thick aluminum, and 0.05-cm-thick stlicon. Figire 1 shows the upx product for
the constituents of the phantom to demonstrate their x-ray absorptions.

To detect very small absorption changes, | placed an aluminum step wedge over the
phantomn. Each step is 1 um high; the step thicknesses range from 1 to 12 um. One
micrometer of aluminum has 0.05%% of the areal density in the phantom and absorbs 0.14%
of 17-keV x rays. Radiographers call x-ray attenuation subject contrast. The subject

contrast of the phantcm is 73% at 17 keV. Figure 1 cxaggerates the thickness of the step
wedge for clarity.

Image Subtraction

The'resultant images are formed by tie method shown in Fig. 2. A 3-mA, 45-kV electron
beam bombards a special water-cooled molybdenum anode in a microfocus x-ray source®
to produce x raya that illuminate the sample phantomn and step wedge. Producing the
molybdenum anode included depomting molybdenum®'? on a copper aaode the same size
an the tungaten anode supplied by the manufactuirr. In addition to the copper construction,
boring out the ismde of the anode and innerting a water-cooling line improved the anode’s

heat-dimmpating characteristics

* Scaneay ME-160 T Corporation PO Box 161, New Haven, €T 06506



The x-ray image <f the sampl-, magnified by 2x geometric projection, is cast onto a
special x-ray television camera, which emits a signal that is digitized and averaged by a
512-by-512 pixel, 8-bit video digitizer.** The special x-ray television camera is a phosphor-
coated fiber optic train butted to a silicon-intensifier-target (SIT) television camera (Fig.
2). A Gd:0:5:Tb coating 150 um thick covers a removable fiber ontic faceplate 40 mm
in diameter. Optical grease physically couples this faceplate to a tapered fiber optic with
ends 40 and 18 mm in diameter. The 18-mm end joins to the bare {ront face of a SIT
tubet mounted in a standard SIT camera. The fiber optic train and the shielding protect
the camera’s electronics from front-illuminating x rays with energies up to 50 keV. The
removable, coated faceplate facilitates changing x-ray phosphors.

The 128-frame averages travel to a computertt (not shown) through an IEEE-488 in-
terface. The computer subtracts the 128-frame average of the phantom image from the
128-frame average of the phantom-and-step image. Although averaging 128 video frames
improves the signal-to-noise ratio in the image, camera-caused fixed-pattern noise and shad-
iLg errors remain. Moreover, diminishing these errors by forming the difference of two
average images does not eliminate ull residuals.

The resultunt image is transferred back to the frame grabber and displayed on a video
monitor. This entire process tak:'s a few minutes, but alternative ways to perform the same
process in a few seconds are available.

In the step wedge 1image stored in computer memory, the step wedge does not become

visible until the background is subtracted. An exsmple of the digital subtraction appears

later in this paper.

DETECTION OF SMALL AREAL DENSITY VARIATION

Photographa of the television monite. show difference images of the phantom and step
wedge and of the crossed 2-um-diam tungsten wires (Figs. 4, 5, and 6). Figure 4 is the
step wedge image at 2x magnification and a map of the image. The stretched contrast in
Fig. 4 clearly shown the image of the firat step an it emerges from the background noise.
Aluminum stepa are vertical with the thinnest step on the left and the thickest step on the
right. T'wo paointers at the top and bottom mark the 1-um-thick edge of the step wedge. By
chance, & 2-um-diam wire in the subtracted background image coincides exactly with the

pointers. Therefore, | eatimate that the aecond atep, which in a 0.1°6 areal denmity change,

** Quantex DS-20. Quantex Corporation, 252 N Wolfe Road, Sunnyvale, €A 94086
¢ ROCA #AROAHDP?2 Durle Industries, Lancaster, PA 17604,
“oPDPT23 Digital Equipment Corp, Maynard, MA 017054



is aetected from the background. Subsequent experiments have substantiated detection
of only the second step. | estimate that this image has 4-mm spatial resolution at the
0.5% contrast of the steps; hence, the individual C.4-mm-wide steps are not resolved. Two
horizontal black lines at the top of the image are 20- and 30-um-diam tungsten wires. The
12-um-thick aiea of the step wedge 1s slightly darker at the top than at the bottom because
image subtraction has not removed all of the x-ray camera’s shading characteristics and
the nonuniformities of the x-ray flux. Line (a-a) shows the position of the video trace in
Fig. 5.

Figure 5 shows the detection of the step wedge as it emerges from the background. It
is a video trace across line (a-a) in the previous figure. Arrows (a) mark the beginning of
the step wedge, that is, the locatiun of the 1-um-ihick step of aluminum. The step wedge
is 12 um thick bet ween arrows (b) and (c¢). The dip in the trace at arrows (a) 1s due to
the wire in the subtracied image. The dashed line drawn through the data is an estimate
of the noise-averaged signal and shows the detection of the 0.1% areal density change (the
second step) in the sample. The slope of this estimate to the left of (a) and to the right of
(c) is caused by residuals from the image subtraction that did not completely remove the
camera’s shading characteristics and the nonuniformities of t' e x-ray flux.

In Fiy. 6 a map explains a photograph of crossed 2-um-diam tungsten wires that overlie
the phantom. These two wires are faint, however, the 6-um-diam wires are clearly visible.
Five horizontal wires with diameters of 30, 20, 12, 6, and 2 um and four vertical wires with
dismeters of 20, 12, 6, and 2 um appear in the figure. Alvminum foils 20 and 12 um thick
cover the lower right corner. This corner is cluttered because contrast stretching, used to
clarify the smallest wire, has destioyed both the shading of the foils and the detection of
the wires over the foila. Tungsten 2 um thick attenuates about 30% of 17-keV x rays; hence,
2-um-wide lines with 30% absorption can be detected when overlying the phantom, which
has 73% subject contrast.

In the sample image of Figs. 4 and 6, the step wedge or the smallest diameter wires are
not visible until the backgiound image is subtracted. This process is shown schematically
in Fig. 7 where the wedge is not visible in the 128-fratae average of the step wedge on
the phantom (top left); only the two pointers and the larger Jiameter wires appear. ‘The
background image is a 128-frame average of the phantom by itself (top right). Because
the phantom has no atructure, the phantom image has no visible structure. When the
two images are differenced, however, the utep wedge becomes visible. For the crossed wire

image, the 2 am-diam wires are not vistble until the background o subtracted



HIGH SENSITIVITY AND THE ADVANTAGES OF REAL TIME

A distinction must be made between the detection sensitivity and the resolving powers
of a detector system Although crossed 2-um-diam wires are detected in one image, the
spatial resolution is not 2 um. If two parallel wires of this diameter were separated by the!r
diameter, they would not be resolved in these images. However, their presence would be
detected. (Feldkamp!! notes a similar result.)

Currently, digital subtraction radiography detects 0.1 variations in the areal density -
that is, a variation in thickness or density-on flat samples. Hence, 0.1 areal density
variations can be detected in near real time. For these tiny variations, spatial resolutions
as small as 1 mm are typical. lowev:r, linear features as narrow as 2 um with 30%%
attenuation can be detected but not resolved over a background that attenuates 70% of the
X rays.

Detecting 0.1°% defects with diameters of 10 um in [CF targets requires an umprovement in
spatial resolution. Such improvements will be realized by using integrating charge-coupled
device cameras and 1-um-spatial-resolution phosphors described by Flannery et. al!'?

The sensitivities described in this work can be obtained with samples that have an
optimal x-ray examination energy of 1 to 20 keV (2 to 50 kV) by changing the anode
material to select an appropriate K-line. This energy range is optimal for a wide variety of
manufactured plastic and ceramic parts, such as 0.001- to 7-cm-thick samples of polystyrene
or polyethylene. Furthermore, the work o Verhoeven at 75 kV suggests that similar results

occur at energies above 50 kV with commercial x-ray umage intensifiers.
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FIGURE CAPTIONS

Fig. U
Fig. 2.
Fig. 3.
Fig. 4
Fig. 5.
Fig. 6.
!“ig, i

N-ray absorption in the phantom, composed of plastic, aluminum, and silicon. Ab-

sorption of the first step of the step wedge (not shown to scale) 1s about 0.05C of the

phantom.

Digital subtraction radiography. The difference of two 128-frame averages produces
images of objects with changes in thickness or density as small as 0.1% and of 2-um-

diam wires with larger absorption.

The x-ray television cainera. The device is a phosphor-coated, fiber optic faceplate
optically coupled to a tapered fiber optic faceplate that is, in turn, coupled to a SIT
television tube. Shielding on the front of the camera and the faceplate protects the

camera electronics from low-energy x rays.

. Left: A contrast-stretched image of a step wedge showing the detection of a 0.1%% areal

density change over the integrated-ciccuit phantom. Right: A map showing the location
of the wedge and other objects. Two pointers indicate the edge of the 1-um step. Line

(a-a) locates the video trace in Fig. 5.

A video trace acrcss the step wedge (line a-a 1n Fig. 4) showing the detection of the
second step. Arrows (a) mark the beginning of the first (1-um) step. Arrows (b) mark
the 12-um step. The region between (b) and (¢) 18 12 um thick. The unage of a 2-um-
diam wire in the subtracted background image coincides exactly with arrows (a). The

dashed line i1s an estimate of the noise-averaged signal to guide the eye.

Left: Crossed 2-um-diam tungsten wires (black lines) detected over the phantom. Ri;at
A map of the wires and other objects. lu addition to the 2-um wires, the figure shows

crossed wires 6, 12, and 20 um in diameter.

7. Digital subtraction radiography doea not show th» aluminum step wedge until the sample

inage (step wedge on phantom) is subtracted from the background image (phantom).
In this schematic represeniation, only the pointers and the thick wires appear in the
128-frame average of the step wedge on the phantom (top left), and no detail is seen in
the average of the phantom image (top right). The step wedge 19 visible once the two

averaged nages are differenced (bottom).
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ABLATION LAYER COATING ON INERTIAL FUSION TARGETS AT
UNIVERSITY OR ROCHESTER'S
LABORATORY FOR LASER ENERGETICS

Hyo-gun Kim, Roger Q. Gram, and John M. Soures
LABORATORY FOR LASER ENERGETICS
University of Rochester
250 East River Road
Rochester, NY 14623-1299

At University of Rochester's Laboratory for Laser Energetics (LLE), ablation layers are
deposited on DT filled glass microballoon targets or unfilled polymer shell turgets by a parylene
coating scheme. The parylene process is material specific and works only for the di-para-xylylene
and its derivatives. Polymerization of 2,2-paracyclophane results in a slightly rough surface finish
caused by crystalline texture of the parylene film, which is approximately 60% by volume
crystalline. Transforming crystalline parylene into an amorphous structure will cause the resulting
film to be smoother. This transformation is accomplishec by increasing the compiexity and bulky
nature of the monomer materials. In order to limit the composition of the ablation layer to
hydrocarbons, 2,2-paracyclophane was modified with the alkyl group only.l Alkylation of di-
para-xylylene introduces significant changes in the properties and structure of (he resulting
polymers. Crystaliinity, melting temperature (T,,), and glass transition temperature (Tg) of the
pure polymer decrease when modificd. X-ray diffraction studies? indicate that alkyl modification
does not alter the monoclinic unit cell structure. The lengths of the a-axis and c-axis remain
constant but the lerigth of the b-axis increases with the size of the pendant group. Since the c-axis
lies along the chain direction and is parallel to the layer surface, the alkylated monomer is telieved
to form a polymer with the alkyl pend.ant group aligned perpendicularly to the layer surface.

X-1ay diffraction cxperiments show ethyl parylene to consist of finely dispersed
crystallites. The diminished crystallinity achieved with our alkyl modification serves a dual
purpose. The surface roughness arising from crystalline texture is greatly diminished and the
ablation layer surface smoothness is better than 1000 A. In addition, density fluctuations within
the layer are minimized.

The accurate and precise control of parylene coating thickness is performed by a laser
reflectometer developed at LLE.3 This reflectometer monitors the sinusoidal modulation of the

reflectivity of a witness substrate during the coating. The functional relationship between the



reflectivity and optical thickness of the coating allows the measurement of film thickness during
coating. The accuracy of the reflectometer can be as good as within a few hundred angstroms
provided that the index of refraction is precisely known. In general, an accuracy of less than 1000
A is routinely achieved.

If targets are supported usirg glass fibers or films, these constitute a significant
perturbation to the sphericity and can contribute to hydrodynamic instability growth during the
implosion process. An alternate target support scheme which was developed at LLE utilizes spider
webs 10 minimize the target mass perturbation. Such a mounting scheme produces a thousand-fold
reduction in the effective target support mass. This improvement is defeated, however, if a target
with a low mass support is coated with an additional material that also coats and thickens the
diameter of the support stalk. It would be desirable to coat the target while it is mechanically
unsupported, before mounting on the low mass support. Such coating is accomplished at LLE by
bouncing the targets on the suitace of a mechanical resonator while the targets are coated by a
modified parylene process.4 Optimum bouncing is achieved with the resonator surface moving
with a peak vertical velocity of ~3 cmy/s at a frequency much greater than the bounce frequency of
the targets. The resonator, a solid cylinder of high-Q material, uses a longitudinal mode of
vibration motion, which is uniform over its surface. A flexural mode of the cylinder is used for
dislodging targets which have become stuck. In their natural state, the targets become charged
tribozlectrically and by the beta emission from the tritium decay. The adhesion of these charged
targets is eliininated by creating a low power plasma in the bouncing region.

The low power plasma required to prevent targets from sticking to each other and to the
vibrating surface increases the deposition rate by a factor of 2 1o 4. Careful control of plasma
conditions is required to maintain bouncing while avoiding overly rapid polymerization, defect
growth, embrittlement, and other adverse effects in the parylene layers.

The tensile strength achieved in bounce-coated parylene layers allows high fuel pressures in
polymer shell targets. To measure the tensile strengths, a set of polymer shells made by
Lawrence Livermore National Laboratory (LLLLNL) was coated with various thicknesses of
parylene, up to 12 um. By penncating these shells with helium gas and quickly releasing the
pressure, the highest attainable internal pressure was found for these shells. The tensile strength,
36 MPa, is comparable to values listed for nonplasma parylene.

Bounce-coated parylene layers have useful barrier properties for argon and gases with
larger atomic radi. To measure the permeability to argon, bounce coated polymer shells were

permeated with argon, and the volume ot gas permeating back out was measured as a function of



time. The permeability found the a1 ~on, 3.3 x 10-17 mo¥Yms Pa at 23°C, allows targets to be
fabricated with time constants of several hours for argon retention.
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X-RAY MICROSCOPY OF INERTIAL FUSION TARGETS USING A LASER
PRODUCED PLASMA AS AN X-RAY SOURCE
by
Hyo-gun Kim and Mark D. Wittman
LABORATORY FOR LASER ENERGETICS
University of Rochester
250 East River Road
Rochester, NY 14623-1299

ABSTR

With the advent of an ablative layer coating technology for mechanically nonsupported ICE
targets, the conventional opr'cal interferometric technique for the characterization of these targets is
no longer feasible since the batch process of this bounce coating technique makes it difficult to
account for individual targets. A soft x-ray contact microradiography method which was
developed for this purpose is limited in resolution by the v.5-um grain size of the photographic
medium used. Utilization of an x-ray sensitive photoresist extends the resolution to as low as
50 A. The use of a laser-generated x-ray source for x-ray microscopy appears to require much
less encrgy than published photoresist sensitivity data. A single-shot exposure ot 100 J,
0.527-pm wavelength and 1-ns laser shot suffices for image formation. The resulting x-ray
micrographs show a higher spanal resolution than the images obtained by previous radiography
techniques. The resolution of 0.2 um in the present study is due to the finite size of the x-ray

source.

SUMMARY

The successful implosion of direct drive inertial fusion (I1) targets requires high spherical
symmetry, extremely uniform coatings, and a smooth surface finish, By replacing the glass
capillary on which TF targets have been mounted in the past with submicron mounting schemes
involving spider web filaments, this mijor mass perturbation has been substantially reduced. This
requires that the targets be coated with plastic Layers while they are not mechamcally supported, but

are bouncing, within the pan shaped end of a mechanical resonator,



This bouncing process is basically a batch process in which all of the targets are mixed,
thus losing the identity of the individual targets. Optical interferometry requires information before
aad after ablation layer coating to determine the coating thickness; and, therefore, cannot be used
for targets coated using this process. X-ray contact microradiography is best suited for this
purpose because it is a batch process which can characterize a large number of targets in a single
exposure and can be used to examine multilayered opaque targets.

The resolution limit of x-ray contact microradiography is due to the grain size of the
photographic emulsion utilized in the process. The grain size of the emulsion is at best on the
order of 0.5 pm; thus, the minimum discernible feature size would have to be as large as several
grains, ie., 1-2 um. The resolution can be improved if the emulsion is repliaced by an x-ray
sensitive polymer, which, in general, has a resolution of several hundred angstroms.  This
technique, termed x-ray contact microscopy, originally developed for morphological
characterization of biological cells, is a hybrid of x-ray contact microradiography and x-ray
lithography. We have adapted this technique for target characterization using a laser produced
plasma as an x-ray source. When a high-power laser pulse is focused onto a foil target (e.g., Al
Ti, Zn) with a typical focal spot diameter of 100 pm, an extremely hot plasma of small dimensions
is formed, which in turn emits an intense pulse of x-rays.

A schematic of the experimental configuration is given in Fig. 1. The frequency doubled
GDIL Nd:glass laser, operating with 1-ns pulses at a wavelength of 0.527 pm and 100 ] of
energy, is focused to a spot of ~100 pm in diameter on a flat target. The target chamber which
includes the ICE targets and resist is evacuated to a pressure of ~10 0 Torr, The distance from the
x-ray source to the ICE target is 10 ¢m, at which the penumbral bhurring due to the finite soutce
size is (.2 pm,

The photoresist coated Si water was held in intimate contact with the CH coated T targets,
which were supported between two tensioned 2 pm-thick polyester films. A 2 pm thick polyester
film coated with 1000 A of aluminum was placed between this assembly and the plasma x ray
source to climinate the portion of the clectromagnetic spectrum emitted by the plasma with
wavclengths longer than those of soft x rays.

The photoresist used is poly (butene 1 sulfone) (PBSY and it was used as received. The
resist was spin coated onto a silicon waifer to a thickness of (0.5 . Upon exposure, the resist
wis developed using a 70730 mixture of methyl isoamyl ketone/2? pentanone followed by rinsimg i
4 6040 mixture of methyl isoamyl ketone/isopropyl alcoliol. The unage was thens examined under
a differential intetference contrast micrescope. Postbaking of the photoresist at 1207°C for 30

minutes inereased the contrast



The image shown in Fig. 2 is typical of those produced using this technique. It was
produced by two successive iaser shots of nearly equal energy which total 265 J on a Mo foil.
Clearly visible in Fig. 2 is the 6-pm-thick CH coating on the solid glass sphere. The variation in
contrast about the perimeter of the image is a function of the optics used to view it and should be
ignored.

When viewing images of submicron coatings using ar interference contrast microscope,
there are no distinet lines delineating the plastic-glass and image-background interfaces. Instead,
these regions are bordered by a ring of finite width. This is predominantly caused by penumbral
blurring in the image itself due to the finite extent of the source, and from the ultimate resolution ot
the microscope optics used to view and enlarge it. Penumbral blurring of the image can be reduced
by increasing the source to sample distance; however, this blurring decreased lincarly with
increased distance while the x-ray irradiance on the imaging medium falls oft quadraticolly. Also,
scanning electron microscopy can be used to view the resultant image with better spatial resolution;
but, because PBS was designed to be an electron beam resist, damage to the image occurs
immediately upon examination. Certain replication techniques and subsequent viewing with
transmission electron microscope have been developed to alleviate this problem.,

The penumbral blurring present in the images was determined experimentally to be
~0.2 pum. This figure as in good agreement with the penumbral blurring as calculated tfrom the
previously stated geometrie conditions; and it s also on the order of the resolution limit of an
optical microscope. Theretore, using this technique under the present conditions, material coating
thicknesses cannot be determined that under 0.4 pum in thickness,

As discussed above, we have shown that contact x ray microscopy is capable of
characterizing inertial fusion targets with submicron resolution, The finite resolution of 0.2 jum
these experiments is due to the 100 pm diameter size of the laser produced x ray source, but not
due to the resolution ol the imaging medium, the photoresist. The resolution can be improved by

miking the source smaller and/or increasing the distance between the source and the 1CE tarpets,
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FIGURE CAPTIONS

Figure | Experimental configuration of x-ray microscopy using a laser-produced plasma as

an x-ray source.

Figure 2 X-ray micrograph of a glass microballoon coated with a 6-um -thick parylene layer.
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A STUDY OF FACTORS AFFECTING THE DEPOSITION
OF SMOOTH PLASMA POLYMERS

by

Richard L. Crawley, John C. Daukas, and Steven R. Murrell
KMS Fusion, Inc.
3621 South State Road
Ann Arvbor, Michigan 48106

INTRODUCTION

Ve have been working to develop smooth CH coatings on glass and polymer

spherical fuel capsules. Last year we were requested to dramatically improve
the surface finish of the glow discharge polymer (GDP) coatings. This report
summarizes the development carried out to accomplish this task and the re-
sults obtained along the way. Ve wish to acknowledge the support of LLNL
personnel in this effort, including Bill Hatcher, Steve Letts, and Larry
Vite.

BACKGROUND

A typical surtace tinish of our previous standard GDP ccatings is shown
in Fig. |. The surtace can be seen to consist of a background surface tex-
ture which resembles caulitlower and a superimposed set of wound-like struc-
tures. The size of these teatures on the coated shells is dependent on many
known as well as unknown parameters, including deposition chamber geometiy,
gas composition and tlew rates, teaction pressure, and R-F power and input
configuration.

Vorkers at LLNL have reported on the production ot coatings with
ultrasmooth surface finishes using the helical resornator plasma generator CDP
system. We took a sample of uncoated shells to LLNL and in collaboration
with LLNL sclientists had them coated using the hellcal tesonator. |[This
allowed us to make direct compatisons ot surtace tinish on similar tuel
capsules with similar cleaning and handling procedures.| We tound that unde:
a narrtov tange of operating conditions the helical tesonator system did
indeed produce GDP coatings with no discernible surtace teatures.  Thiv not
only suggested that glass <hell qsurtace cleanliness was adequate but that
certaln operating conditions lead to a lack ot surtace  mounds  and

fcaul it lover’ type backgtiound,



DEVELOPMENT AND RESULTS

It was decided to bring up a developmental system at KMSF (GDP system #3)
able to run under similar conditions to the helical resonator. As better
surfaces were made, these operating changes could be incorporated in our
production coaters (GDP #'s 1 and 2) with the leact amcunt of production down
time.

The initial deposition configuration is shown schematically in Fig. 2.
The shells are rolled-LUounced on a PZT driven bounder pan (courtesy of LLNL)
under the glow of a tapered plasma tube (with ideal P2ZT driver condiiions the
shells appear to remain very near the pan surface, rolling in spiral patterns
vithout significant departures from the pan surface). The gas is introduced
at the top, typically a mixture of hydrogen and butadiene at a flow rate of
10 scem to 0.4 scem, respectively. Maximum R-F power was limited to 7.5
vatts (at 13.56 MHz) by the onset of flaking of the coating off the walls of
the plasma tube and the bouncer cup.

An SEM photomicrograph of a typical GDP coating on a 350 um glass shell
is shown in Fig. 3. Here it can be seen that the basic ‘cauliflower’ type
background and mound-like structures are still there, but at reduced
severity. Looking closely at the higher magnification image one sees a small
piece ot ‘debris’ highlighted against the background due to electron
charging. Ve feel this '‘debiis’ represents gas phase nucleated polymer which
has dropped onto the surtace of the shell and is in the process ot being
incorporated into the growing surtface by continued deposition.

Moreover, we teel the deposition ot gas phase nucleated polymer particu
lates leads to the moundlike <tructures seen on the GDP coatings. Ray
leipins et al. ot LANL reported on conditions leading to the tormation ot gas
phase polymer particles in a bell jar type plasma deposition system.’ Bernice
Brinker has seen a cloud of gas phase particulates hovering above thein
bounce coated shells in a microwave diriven vertical plasma tube.’ Steve
Letts of LANL has wotked with pulsed R F plasmas as a means of /tlushing out’
the gas phase particulates before they could grow to a size where the coated
shells would be ettected,?

The gas phase nucleated polymer particulates appear to hang up’ in the

plasma for o period of time, growing in size, bhetore dropping down to coat



the shells. It may be that electron charging of the particulate allows it to
‘ride’ the magnetic field produced by the R-F electric field. Gas flow con-
ditions could also affect the residence time of the particulates in the plas-
ma. We added a ’skirt’ below the plasma tube in order tc divert the gas flow
directly onto the bounce-rolling shells. Figure 4 shows a schematic of the
plasma tube system with the skirt. Note that the skirt extends the gas flow
right down into the cup, perhaps significantly changing the flow pattern of
the gas in this trans-molecular flow-viscous flow pressure regime (typically
75-150 mtorr in this location).

Figure 5 shows typical GDP coatings on glass shells produced using this
deposition configuration. It can be seen that there is a complete absence of
mound-like structures on the surface. This dramatic reduction in features
suggests that gas phase particulates are not affecting the growing surface
coating on the shells. It also reaffirms the belief that the initial raw
shell stock is adequately clean and free of debris. We feel that the use of
a skirt below the plasma tube changed the flow characteristics of the gas
such that gas nucleated particulates could not ride the magnetic field long
enough to grow to significant sizes.

Hovever, the background surface texture remained to be addressed. It
could be surmised that the surtace is made up ot a myriad of small scale gas
phase particulates impinging on the growing surftace to be incorporated into
the film. But as yet there is no direct evidence to support this hypothesis.
Moreover, this process could not be reasonably used to describe the ultia
smooth surfaces obtained using the helical resonator, where no discernible
‘cauliflover’ type structure is tound even at very high magnification.
Alternately, the surface could be produced by a combination ot deposition
processes occurring simultaneously, including deposition of polymer forming
radicals which undergo ‘normal’ addition pol'ymerization and deposition of
small fragments of molecules vhich impinge or the surtace and quickly become
crosslinked into the surtace. Operating parameters could determine which
process dominates the coating deponition,

The onset of stress induces tlaking of coating material off the valls of
the tube and bouncer pan prevented vs trom raising the R F pover intensity

above 109 watts, The addition of water and/or forced alr cooling ot the



plasma tube reduced the risk of flaking and resulted in smoother coatings.
Figure 6 shows an SEM photomicrograph of a typical shell coated with an
air/water cooled plasma tube (with skirt), It can be seen that the
background ‘cauliflover’ texture has been reduced significantly, apparently
by the cooling of the tube. The LLNL helical resonator uses a water jacket
vith pressurized air blowby which appears much more effective at cooling the
plasma tube than our muffin fan blower. This allows them to run at 20 watts
of R-F power. LLNL lent us one of their helical resonators which was
installed on our production GDP coater system #1, With this composite
system, GDP coatings were produced with featureless surfaces (see Fig. 7).
However, reducing the cooling air pressure, we could not run at higher power
levels without severe flaking off the plasma tube. and attempts to run at
reduced power levels with the helical resonator composite system led to a
reoccurrence of a ‘cauliflower’ type background surface finish {see Fig. 8).
CONCLUSLONS

We conclude that mound-like growth structures in GDP coatings can be
reduced by adjusting gas flow conditions to deter the growth of gas phase
nucleated particulates. Also, the background ‘cauliflower’ type surface
finish appears to be effected by plasma parameters including R-F power. This
may be due to a change in dominance of normal surface addition polymerization
versus crosslinking as the primary deposition mechanism. However, more work
is needed in this area to elucidate what mechanism is responsible for the

reduction of the ’'caulitlover’ surface texture.
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SEM micrographs of 35C uym diameter glass MicroshellR fuel
capsule coated with 20 ums of glow discharge polymer (GDP) CH
(GDP %1, 6/25/88).

Schematic of initial reconfiguration of KMSF GDP coating system.

SEM micrographs of Microshell® capsule coated with 17.5 ums GDP
using reconfigured system at 76 mtorr pressure, 0.3 sccm
butadiene, 7.0 scem hydrogen, 7.5 watts 13.56 MHz R-F, at an
apparent rate of 0.41 um/hr (GDP #3, 9/29/88)

Schematic of KMSF GDP coating system with ’skirt’ added below
the plasma tube.

SEM micrographs of Microshell® capsule coated with 39 ums GDP
using plasma tube with skirt and 75 mtorr pressure, 0.3 sccm
butadiene, 7.0 scem hydrogen, 7.5 watts 13.56 MHz R-F, at an
apparent rate of 0.6 um/hr (GDP #3, 10/20/88).

SEM micrograph of Microshell® capsule coated with 23 ums GDP
using cooled plasma tube and 75 mtorr pressure, 0.3 sccm
butadiene, 7.0 scem hydrogen, 7.5 watts 13.56 MHz R-F, at an
apparent rate of 0.41 um/hr (GDP #1, 10/22/88).

SEM micrograph of Microshell® capsule coated with 30 ums GDP
using composite helical resonator KMSF GDP coating system #!
operating at 72 mtorr pressure, 0.4 sccm trans-2-butene, 10.0
scem hydrogen, 20 watts 42 MHz R-F, at an apparent rate of 0.57
um/hr (GDP #1, 12/18/87).

SEM micrograph of Microshell® Capsule coated with 15.3 um GDP
using composite GDP system #1 operating at 75 mtorr pressure,
0.4 sccem trans-2-butene, 10.0 sccm hydrogen, with 7.5 watts 42.5
MHz R-F, with an apparent rate of 0.57 um/hr (GDP #1, 5/31/88).
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SEM micrographs of 350 um diameter glass microshell® fuel capsule coated
with 20 ums of glow discharge polymer (GDP) CH (GDP #1, 6/25/88).
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Figure 3. SEM micrographs of microshell* capsule coated with 39 ums GDP using
reconfigured system at 76 mtorr pressure, 0.3 sccm butadiene, 7.0 sccm
hydrogen. 7.5 watts of 13.56 MHz R-F power, at an apparent rate of 0.41 um/hr
(GDP #3. 9/29/87).
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Figure 5. SEM micrographs of microshell* capsule coated with 39 ums GDP using
plasma tube with skirt and 75 mtorr pressure, 0.3 sccm butadience, 7.0 sccm
hydrogen, 7.5 watts 13.56 MHz R-F, at an apparent rate of 0.6 um/hr (GDP #3,
10/20/87).
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Figure 6. SEM micrograph of microshell® capsule coated with 23 yms GDP using cooled
plasinu tube and 75 mtorr pressure, 0.3 scem buadience, 7 0 scem hydrogan,
7.5 watts 13.56 MHz R-F, at an apparont rate of 0 41 xm/tr (GDP #1, 10/22/87)
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Figure 7. SEM micrograph of microshell® capsule coated with 30 ums GDP using
composite helical resonator KMSF GDP coatin) system #1 operating at 72 mtorr
pressure, 0.4 sccm trans-2-butene, 10.0 sccm hydrogen, 20 watts 42 MHz R-F,
at an apparent rate of 0.57 um/hr (GDP #1, 12/18/87).
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Figure 8. SEM micrograph of microshell* capsule coated with 15.3 ym GDP using
composite GDP system #1 operating at 75 mtorr pressure, 0.4 sccm
trans-2-butene, 10.0 sccm hydrogen, with 7 5 walts 42 5 MHz R-F, with an
apparant rate ot 0.57 ym/hr (GDP #1, %/31/88)



COMPOSITE FOAMS

Alice M. Nyitray, Joel Williams and Mark Wilkerson
Los Alamas National Laboratory

Materials Science and Technology Division
Los Alamas, New Mexico

Introduction

Composite foams have been prepared which incorporate the best attributes of two materials
Polystyrene emulsion foams prepared by the Unilever method! .Si aerogel, and resole toams
have been studied for use in laser lusion targets2. Foams for this application need 1o be strong
enough 1o withstand machining operations and handling, yet they also require small pore/cell
sizes because they must hold hquid DT agair.st gravitational torces. These attributes are difficult
to achieve in a single foam The polystyrene emulsion foams have the advantages that they can
be prepared easily over a wide range of densities (.015 g/cc to 0.20g/cc) and are easy o handle
and maching, however, the small cell sizes needad for good wicking of the DT liquid fuel are
difticult to achieve. On the other hand, Si agrogel and resole foams have the desired small coell
size ( < 0.1 um), but the materials are mechanically weak making them difficult to handle and
machino. Using a backlilling procoess, we havo beon ablo to mako binary compostte foams in
which the cells ot tho polystyrene emulsion foam have been fillod with agrogel or resolo foam
Those materials have the small call sizes nuedod tor good wicking of the liquid 11 fuol and are
rugoed and easy to maching

Figure 1 shows the typical open ‘ ulsion foam (0 1 g/ce) with a
cell size of abont 30 pm bigure 2 ackhllod with ' acrogel af

savoeral ditteront concontrations G acroqel concentrationg of



around 25mg/cc. At 10 mg/cc there was insufficient Si aerogei to complete fill the polystyrene
foam.

Figure 4 and 5 show the resole foams prepared from resorcinol-formaldehyde and
phloroglucinol-formaidehyde respectively. Although these materials filled the cells, the
composite foams tended to shrink somev.nat upon extraction especially at the higher densities of
resorcinol-formaldehyde. These same characteristics were reported earlier for the resole foams?
Tt phloroglucinel- formaldehyde tilled composite foams showed less shrinkage and could be
successiully tilled to lower concentrations.

Deuterium wicking experiments were performed at the National Bureau of Standards on
several of the composite foams (Figure 6). The data (Fig. 7,8 ) indicates that the aerogel filled
composite foam as well as the low density P/F filled foam wicked the liquid deuterium better than
any of the individual materials. 3

Compression tests indicate that the strength of the composite foam as well as its machinability is
determined solely by the strength of the polystyrcne foam.

Al the present ime, we are working to bre,aden the range of composite foam densities and to
determine both the chemical and physical propertios of these new materials.

Experimantal Section

Two stock solutions were preparod. a 250 ml stock solution containing 130 4g ol
tetramethylonthosilicate in anhydrous methanol and a 200 mi stock solution containing 48g ol
water in mathanol. |t qual amounts of solution of the stock solutions were mixed and dilutad with
additional methanol (or methanol and toluone) to give the desired dansity of filler. For example,
100 mg/cm3 silica tller (Figure 1) was preparad by mixing 20 il of oach stock solutions with 10 mi
of toluene. The polystyrene foanowas imenersaed in the solution and trapped air was removod trom
the foam by drawing a vacuum over the solution  Aftar the foam was siturated with the soluton,
theoe drops of catatyst (ither fluorobone acid or concentrated ammorunm hydroxide) were added

to 1o solubon toamtiate the polymenzation  Generally, the gelation occutred within 24h - The

gt



excess gel was removed from the surface of the foam; and, the foam was placed in a Polston to

remove the solvents from the gel network. After a week of liquid COo extraction, the carbon

dioxide was supercritically extracted by raising the temperature of the Polaron to 40C and

1400psi. The CO, gas was then vented slowly overnight .

To make a 6 wt% resorcinol-formaldehyde foam, 3.25 g resorcinol and 0.05g sodium carbonate
were dissolved in 50g of distilled watar.  While stirring, 25 mi of isopropyl alcohol and 4.80g of
37% formaldehyde were added. The solution was placed into a bottle. The polystyrene foam was
immersed in the solution and trapped air was removed from the foam by drawing a vacuum over
the solution. The bottle was capped and placed in a 70C oven for a week 1o cure  The reddish
amber gel was removed from the exterior of the foam and the solvent exchange process was
begun. First, the filled foam was p'aced in a 5% acetic acid solution at 50C tor 24h  The acid
solution was then replaced by methanol. The methancl was replaced with fresh methano!l every

day for at least one week. The toam was placed in a Polaron 1o remove the solvents from the qel

network.  After a woek ot liquid COp extraction, the carbon dioxide was supercritically extracted
by raising the temperature of the Polaron to 40C and 1400psi. The CO5 gas was then vented

slowly overnight

Phioroglucinel fermaldehyde tilled polystyrene emwlsion foam,
Tho phloroglucinol formaldehyde filled toams woere prepared in the same manner as the

rosorcinol formaldehyde toams except phloroglucinel was used in place of resorcinol
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Figure 8

Composite Foam
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LOW-DENSITY RESORCINOL-FORMALDEHYDE FOAMS FOR DIRECT-DRIVE
LASER ICF TARGETS*(UNC)

Fung-Ming Kong, utcve Buckley, Len Caley, Blanca Haendler,
Lucy Hair, and Steve Letts

University of California
Lawrence Livermore National Laboratory
P. 2. Box 5508, Livermore, CA 94550

INTRODUCTION

Target design for a direct-drive, high gain ICF target1 calls for the
use of a low-density, low-atomic-number foam to define and stabilize 1liquid
DT in a spherical shell configuration. For the purpose of high gain, the
density of the foam should be as low as possible, and definitely not larger
than 70 mg/cm3. To fulfill other target physics and wetting stability
requirements, the foam should have a cell size of less than 4 um with a
density and cell size variation of not more than 1% in 30 um diameter
cores through the foam. It should be wettable by liquid DT and stable to
radioactive DT decay, machinable or moldable to parts with less than 5 um
average peak-to-valley surface fintsh, and have a thermal eaxpansion
coefficient no larger than that of the ablator material.

The development of low-density foam materials from
resorcinol-formaldehyde (RF) system was inftiated by R.W. Pekala at
LLNL.2'3 The foams are promising as target materials because of their
very small cell size, estimated to be about 0.1 um, which offers
potentially great DT-fi11 stability. The synthesis of RF foams involves the
condercation reaction of the monomers resorcinol and formaldehyde to form a
sol-gel tn a slightly basic aqueous solution at elevaled temperature. After
curing, the gel 1s treated with an acid to allow more crosslinking between
moleculos with hydroxymethyl groups, and then by supercritical extractlion

from Ttquid carbon dioxide to form a foam. The properties of the resultant

*Work performed under the auspices of the U. S, Department of Enerqy by the
Lawrence Livermore Nattonal Laboratory under contract number W 24045 ENG A8,



foam depend on the degree of crosslinking and the morphology of the porous
structure, which is controlled by the stoichiometric ratio of the monomers
and the process conditions. We have investigated the effects of formulation
and curing on foam proparties. We have also utilized carbonization as one
way to increas: the mechanical strength of RF foams. In this paper, results
from the formulation and curing studies, and the properties of RF and
carbonized RF (CRF) foams will be discussed as vrelated to design
specifications.

PREPARATION AND PROPERTIES OF RF AND CRF FOAMS

Foam properties depend on a vast number of chemical and process
variables. In order to increase the efficiency of experimental development,
we applied the principles of statistical design to the development of RF
foams. This approach helped us to 1identify key variables with a minimun
number of e«periments, and provided a means of optimizing the system with
respect to those variables. Tne first step was a screening test which
fdentified the factors that suppress foam shrinkage were low % sodium
carbonate initiator, high % reactants, high molar -atio of formaidehyde to
resorcinol (F:R), and long curing times. The effect: of these factors on
foam properties were then investigated in more detail to understand their
significance.

For the formulation study, we appiied a three-varfable Box-Behnken
response surface methodology (RSM) design. HWe varied the % reactants from 4
to 8%, F:R from 1.6:1 to 2:1, and the concentration of Na2C03 from 0.025
to 0.08wtX. The foams were prepared In random order. First, the reactants
were mixed and stirred at 70°C for 2 hours. Then they were cured at 70°C
for 7 days inside sealed ampules before washing in 5% acetic acid at 50°C
for 1 day. The gels then went through a series of solvent exchange steps.
They were put into methanol, amyl acetate, and then liquid carbon dioxide
for 7 days each. The CO2 was taken above its critical temperature and was
bled off slowly to avold passing a liquid meniscus through the material.
The densities of these foams are shown in Fig. 1. It {s apparent that
N62C03 plays a dominant role in controlling foam shrinkage. Foy a fixed

amount of reactants added, all foams naving the lowest density were obtained
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from formulations with the 1lowest concentration of Na2C03. The effect
of F:R, on the other hand, appears less significant. The lowest density
obtained from this study was 57 mg/cm3. However, this foam fractured
easily when being cut or touched.

In the curing study, we fixed the formulation at 6wt% reactants, F:R at
2:1, and Na2C03 at 0.05wt%. HWe cured the mixtures at 70, 90, ard 110°C
for 7 to 14 days. HWe found that foam density is affected only by the curing
temperature and is independent of time. The densities were in the range of
90 mg/cm3 after curing at 70°C, and 80 mg/cm3 after curing at 90 and
110°C.  The compressive modulus of the foam is affected by both curing
temperature and time. All moduli were measured by compressing 1xIx1 cm
cubes to a maximum of 10% strain at 0.1 mm/min. By comparing their moduli
in the elastic region, we found that they are between 1 and 2 MPa when cured
at 70°C and 90°C. Foams cured at 110°C, had many cracks, and the modult
decrease as the curing time increases. Since we were more concerned about
lowering the density, as long as the foam had enough structural integrity to
sustain machining and tritium radiation at cryogenic temperatures, we
selected 90°C and 9 days as the optimum curing conditions. To reinforce
these results, we cured the formulation with the lowest density (57
mg/cm3) from the formulation study at 90°C for 9 duys. The density was
lowered to 48 mg/cm3, and the foam was not as fragile as before. It could
be vibrotomed into blocks with smooth surfaces.

Key findings from the above studies have enabled us to produce foams of
very low density. By lowering the Na2C03 concentration to 0.0125 wt%
and using the optimum curing conditions, RF foams with densities in the
range of 20 to 80 mg/cm3 are consistently produced. While thelir low
densities are attractive from the point of view that they would allow a
lower target ignition temperature, they sometimes fracture easily during
handiing and machining. One method we have tried to greatly improve the
mechanical strength of RF foams is carbonization.

Carbonization fs a process in which poiymers are heated in an inert
atmosphere to temperatures above 300°C, In carbonizing Ri, we heat the
foams In arqon from room temperature to 1050°C in 12 hours, maintaining

1050°C for 4 hours, and then cooling down to room temperature in 24 hours.



We discovered that RF generally retains the same shape after carbonization,
but its shrinkage is gqreater than 1its weight loss, which results in an
increase in density. Figure 2 shows the change in foam density before and
after carbonization. It is interesting to observe that when the initiator
concentration is fixed at 0.0125wt%L, all foam density increases
approximately by 20 mg/cm3. or between the range of 130% to 20%, for the
entire range which we investigated. Elemental analysis reveals that RF has
a conversion efficiency of 80%. Since the oxygen content also diminishes,
carbonization helps to lower the average atomic number of RF. The most
striking result of carbonization is a tremendous 1increase in mechanical
properties. Preliminary mechanical tests indicated that the compressive
modulus and comrressive strength of the RF foams increase by more than 20
times after carbonization. In another study, we Jlearned that higher
initiator concentration would lead to a greater increase in foam density
when subjected to carbonization. The effect of initiator concentration on
the properties of CRF foams are being investigated.

In an effort to identify the basic structures of RF and CRF, we have
performed transmission electron microscopy (TEM). TEM results reveal that
both RF and CRF are composed of interconnected beads as in the case of
stlica aerogel. The bead size is on the order of 100 R, and the largest
cell size 1is roughly ten times larger. Furthermore, electron diffraction
reveals that RF forms glassy carbon after carbonization which 1s totally
amorphous and does not exhibit the crystalline peaks of graphite. The cell
structure and electron diffraction pattern of CRF are shown in Fig. 3,
X-ray radiography shows that good density uniformity can be achieved in
these foams. Currently we are trying to develop techniques to verify that
the foams meet the 1% varifation requlrement.

To explore the dimensional and wetting stabilities of RF and CRF foams
tn 1iquid DT, we performed a number of preliminary experiments for the bulk
materials. By measuring thelr thermal expanston coefficlents at cryogenic
temperatures, RF was found to shrink by 0.55%, and CRF expanded by 0.15%.
Both were found to be wetted by liqutd DI without significant dimenstonal
changes after exposure for one day. Encouraging results were also obtalined

from machining tests. Both Ri and (RF foams are machinable. The ground
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finish of CRF can be as low as 3-4 um; that of RF is yet to be found.

CONCLUSIONS

We have investigated the effects of formulation and process variables
on the properties of RF foams. Low initiator concentrations and long curing
time at 90°C are the key to suppressing foam shrinkaga and achieving density
close to the theoretical value. To produce foams with densities less than
70 mg/cm3 but good mechanical strength, one needs to utilize
carbonization. When the initiator concentration and F:R are fixed at
0.0125wt% and 2:1 respectively, carbonization would increase the foam
density by 20 mg/cm3 and the compressive modulus and strength by more than
20 times. Both the RF and CRF foams appear to have wuniform density
distribution and cell sizes of less than 0.1 um, are wettable by Iliquid OT
without significant dimensional changes and are machinable. Based on all
the information collected, RF and CRF foams appear to be promising materials
for direct-drive laser ICF targets.

REFERENCES
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LOW-DENSITY POLYSTYRENE FOAMS FOR DIRECT-DRIVE LASER ICF TARGETS*(UNC)

Blanca L. Haendler, Robert C. Cook, D. Lynn James,
Fung-Ming Kong, Stephan A. Letts, Steven C. Mance,
George E. Overturf III, Dan L. Schumarn,
and Clarence Thomas, Jr.

University of California
Lawrence Livermore National Laboratory
P. 0. Box 5508, Livermore, CA 94550

INTROBUCTION

We are developing foams for the direct-drive, high-gain ICF target that
is described in the 1985 Laser Program Report] and in a paper by R. A.
Sacks and D. H. Darling.2 This target design calls for a spherical shell
of foam that can be wetted with liquid DT. The liquid DT is both fuel and
ablator: ihe foam holds the DT in a spherical-shell configuration that fis
compressed to high density and ignited by the laser energy. The foam should
have a density of 50 mg/cm3 or less and be composed mainly of carbon,
hydrogen, and oxygen; less than 1% of the material can be elements of higher
Z than stlicon. 1In addition, the foam should have a cell size of less than
4 ym to meet uniformity requirements and a pore size of less than 1 um
to stably hold the liquid DT. The foam must tolerate exposure to the
radiation environment of tritium and to cryogenic temperalures without
changing dimensions during the time needed for the target to fill and
stabi1ize before a shot. The foam must be machinable or moldable to the
required spherical-shell configuration and tolerances. Also, some target
designs will require a foam with an overcoat of approximatly 5 um of a
hydrocarbon (CH) or other low-Z material.

One of the <candidate materfals for these targets 1{s low-density
polystyrene (PS) foam. The process we use for making these foams fis bhased
on an inverse-emulsion system developed by Unilever Research ldhnr.lt()ry:l

and also reported by titt and ('oworkors.4 A water phase containing sodium

*Work performed under the auspices of the U. S, Department of fnergy by the
fawrence Livermore National Laboratory under contract number W 240% NG AR,
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persulfate as a polymerization initiator is added to an oil phase which is a
mixture of two monomers, styrene and divinylbenzene, and an oil-soluble
surfactant. The surfactant is sorbitan monooleate manufactured by ICI
Americas Inc. under the tradename Span 80. The divinylbenzene is used as a
crosslinking agent which should increase the mechanical strength of the
foams. The water phase constitutes from 92-95% of the total material, so
that upon addition the two phases form a high-internal-phase emulsion (HIPE)
with the water as *he internal phase. This emulsion is mixed (a variety of
devices can be used), and then polymerized at 50°C in a water bath or oven,
and the resulting foam dried in a vacuum oven between room temperature and
40°C until all the water is removed. The result is a foam of density 50-80
mg/cm3 depending on the amount of water phase used. The details of the
process for making the foams are described in Ref. 5, and additional
information about foam structure and properties is given in Ref. 6.

FOAM PREPARATION AND CHEMISTRY

We investigated emulsion stability and foam characteristics in terms of
the chemistry and processing of the PS system, and we have wused
statistically designed experiments to optimize the properties of the foam.
We continue to use Span 80 as our surfactant, since it has proven superior
to the others we have tested. Although sodium persulfate acts effectively
as a polymerization initiator in this system, it would be desirable to
replace it with a material of lower atomic number. We tested a variety of
organic polymerization initiators, and we also tried some polymerizable
surfactants, but they produced foams of low mechanical strength that have
large cells with nodular walls. It seems likely that it is necessary to
have a water-soluble rather than an oil-soluble initiator to ensure that the
polymerization occurs at the interface rather than within the oil phase.
Therefore, we continue to use sodium persulfate and are investigating the
possibility of removing it from the foam after polymerization and drying.

He have looked at the molecular weight of the foams, and we found the
inverse square root dependence of the degree of polymerization on initiator

concentration which is expected for a free radical mechanism.  We have al.wo



investigated the rate of polymerization by optical microscopy and by
viscometry. The agreement between the two methods was good: the onset of
polymerization occurs at approximately 1-2h at 50°C. We also carried out
studies of the rate of drying of the foams under different conditions, and
we investigated different mixing devices. Currently, our best foams are
made in a syringe-pump mixing apparatus.

We also performed a statistically designed three-variable Box-Behnken
response surface methodology (RSM) experiment designed to optimize foam
properties with respect to the ratio of styrene to divinylbenzene, the
concentration of surfactant in the o031 phase, and the concentration of
initiator in the water phase. The most important information obtained from
this experiment was that the structures of the three center-point foams, as
determined by SEM, were widely different. One foam had the expected
2-3 um cell size and was reascnably uniform, one had cells ranging up to
10 um, and the third had regions of apparent coalescence 100 um across
and was very non-uniform. This was the first time that the reproducibility
of the foam process had been checked in any systematic way, and the results
indicated that it was very far from ideal. This experiment was done with

foams of density 50 mg/cm3, and we have since concluded that reasonable

quality foams require densities of 80-85 mg/cm3. Otherwise, there is too
much water in the internal phase, and coalescence occurs.

Throughout our development of PS foams we have used x-ray radiography to
assess foam wuniformity. Often the radiographs show a pattern of dark
concentric rings which can in some cases be eliminated by adjusting
parameters on the mixing device or by taking extreme care with the purity of
our materials. We have tried to identify the cause of the rings by exposing
pleces of the foams to various solvents to see if they would wash out. HWe
first tried a Soxhlet extraction with hexane because we thought it would
remove any remaining surfactant. This treatment resulted in a weight loss
which corresponded reasonably well with the amount of residual surfactant
expected to remain in the foam. However, comparison of radiographs taken
before dand after extraction showed only minor changes.  HWe then soaked the

same sample in water, and obtained a weight loss corvesponding approximately



to the amount of sodium sulfate remaining in the foam from uecomposition of
the initiator. This time the radiograph showed virtually complete removal
of the rings. We repeated this entire procedure with another sample and got
the same results. Thus we are reasonably confident that the rings consist
primarily of sodium sulfate (or possibly sodium bisulfate) which, for
reasons we have yet to determine, in some cases deposits unevenly throughout
the foam, probably during the drying process. We have designed an
experiment in which the foams and extract solutions will be analyzed to
confirm the presence or absence of the species we expect. This will also
determine whether the order of washing makes any difference and whether the
washing harms the foam structure. We will use these results to develop the
most efficient procedure for removing both the surfactant and the sulfate
from the foams. Aside from improving our foam quality, these results are
very important in that they point to a significant lowering of the density
of PS foams.

TARGET-RELATED PROPERTIES

We have conducted a number of tests designed to assess the performance
of PS foams as targets. HWe measured the low temperature coefficient of
thermal expansion and found it to be 1.4% contraction to 15K. A capillary
pressure test yielded a value of 0.75 psi with hydrogen, which should
correspond to approximately 1.5 psi with DT. Hydrogen wetting results for
PS foams are shown in Fig. 1 with other target materials for comparison.
Quantitative data for DT wetting are Jjust beginning to accumulate, but
samples hdave been exposed for several days with no apparent dimensional
changes or radiation damage, and the fill appears to be acceptable. PS
foams have excellent mechanical properties: a sample with a density of 85
mg/(‘m3 has a compressive modulus between 15 and 20 MPa. The foams are
very easy to machine. Precic<ion grinding gives our best surface finish thus
far, which is approximately 5 um. Scveral hydrocarbon bonding agents are
being investigated and look promising, most particularly a 1 pm  thick
polystyrene butadiene film.

The specification for target density uniformity is somewhat 111 defined

at this time, but 15 generally given as uniformity of the projected o
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radial density to within 1% between areas of 30 pm diameter. X-ray
radiography gives a qualitative assessment, but we need a quantitative
technique to verify that the foams meet target specifications. We have
developed a technique where a piece of foam is placed on a stepper-motor-
driven stage on a microscope equipped with a light measuring photometer.
The transmitted 1light intensity was scanned at 120 ym intervals. A
computer that controlled the stage motion and collected the photometric
intensities. Figure 2 shows an automated scan through a step wedge of
foam. The step heights are 0.6, 0.8, 1.0, 1.2, and 1.5 mm. On ihe second
step from the left, two small density increases are apparent as depressions
in the intensity. This technique does not give us the resolution we
ultimately need, but it is useful as a first step.

In addition to our work on experimental measurement techniques, we have
also developed a well-defined computer model that closely resembles the
features of PS foams. The objective here is to study the re'ationships
among cell size, cell-size distribution, foam density, and radiul d-nsity
uniformity. This model allows calculation o7 the Fourier transform of
radial density as a function of distance and the k vector. Ultimately this
should give us guidance in developing specifications for density uniformity.

CONCLUSION

We have made good progress in developing PS foams for direct-drive laser
ICF targets. The advantages of PS foams over other foam candidates lie in
their superio mechanical strength and ease of machinability. Their
disadvantages lie in thel, relatively large cel! size and coefficient of
thermal expansion and in their lack of easy reproducibility, which may be a
problem *n terms of the as yet unassessecd issue of density uniformity. To
date, however, the foams have given acceptable results on all the
target-related tests which have been performed.
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Foams were compared for hydrogen wicking rate |=s
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CHARACTERIZATION OF LOW-DENSITY MATERIALS AND THEIR PRECURSERS*(UNC)
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We are currently developing low-aensity polymer foam materials for the
direct-drive laser ICF targets.] Acceptance of the materfal for target
use requires evaluation of many physical properties of the foam. HWe have
developed techniques for characterizing the foams for cell size, uniformity,
density, thermal contraction, elastic modulus, liquid wetting, and radiation
stability. In audition, to understand and control the processes used to
prepare the foams to achieve better vreproducibility, we have developed
techniques for studying the foam starting materials. The starting
materials, either ewlsions or gels, were studied for rheology, thermal
properties, optical properties, and reacticn rates.

One foam preparation route uses high-internal-phase emulsions of waterin
styrene and divinylbenzene which are polymerized and then dried to produce
polystyrene foams. We have used surface, rheological and optical
characterization to determine the effect of formulation on emulsion
stability. Emulsions are sheared to reduce the droplet size to 2-3 um.
We have found that the emulsion viscosity rises with the time and intensity
of mixing. Figure 1 shows the shear modulus of an emulsion as a function of
the number of passes through a mixing orifice. Increased mixing raises the
shear modulus. The mixed emulsion was then measured for viscosity over a
range of shear rates for a pertfod of 1 h. The viscosity was found to drop
as a function of time due to coalescence.

To minimize coalesrence 11 1s desirable to polymerize the emulsion

*Work performed under the ausplices of the U, S. Department of Enevgy hy the
Lawrence | ivermore National taboratory under contract number W 74045 (NG A8,



rapidly. The polymerization rate <can be 1increased by raising the
temperature, but this also accelerates coalescence. To optimize the
polymerization conditions, we studied the effect of cure temperature and
fnitiator concentration was studied on the rate of pclymerization and the
morphology of the vesulting foam. Figure 2 shows the effect of cure
temperature on foam structure. As the cure temperature increases the foam
pore size increases. Thus, cure conditicns provide a potential means of
controlling porosity. Measurements of polymerized foam molecular weight
show that 1increasing the rate of polymerization reduces the molecular
weight. MWe have found that below a molecular weight of 20,000 low-density
foam materials have low strength and tend to crumble.

Condensation polymerization of resorcinol and formaldehyde in dilute
solutions results in formation of rigid gels that can be solvent exchanged
and then supercritically dried to low-density materials. Foams made by this
technique have densities down to 18 mg/cm3 with cell sizes of less than
0.1 um. Dynamic mechanical spectroscopy was used to follow the
polymerization of the RF system. In this experiment we used a rheometer
equipped with a couette (concentric cylinder) viscometer. The inner
cylinder 1s sinusoidally oscillated at a constant frequency and amplitude
while the magnitude and phase angle of the force transmitted to the outer
cylinder s recorded as a function of time as the polymerization reaction
proceeds. We were abl. to determine the shear modulus, as the gel
polymerized. Figure 3 shows the shear modulus as a function of time for
four RF gels polymerizing at temperatures ranging from 59.2 to 81.7°C.
Increased temperature accelerated the rate of polymerization as evidenced by
the earlier increase in modulus of the gels approached a Ilimiting value
Independent of cure temperature. Tuis  Indicates that the degree of
crosstinking is the same for all cure temperatures.

ATl foams were characterized for thermal contraction from room
temperature to 15 K. Figure 4 summarizes the deformation. Over this
temperature range polysiyrene foam shrinks by 1.5%%, cellulose acetate 0.6%,
resorcinol-formaldehyde 0.5%%, and carbonized RE expands 0.15%.

The hydrogen wetting properties of foams were measured by dipping cooloed

foams tnto Tiquid hydrogen.  Flgure 4% shows the helght of 1iquid hydrogen



infoams as a function of time. We have found that smaller-cell-sized foams
wick 1iquid hydrogen at a slower rate because of greater viscous drag forces.

We have investigated three foams for use in wetted foam targets. We
have found that each has particular strengths. Polystyrene foams are robust
and machinable, but have the largest cell size. Cellulose acetate and
resorcinol-formaldehyde foams have submicron cell size and low thermal
contraction, but are more fragile and difficult to machine.

REFERENCE
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Polymerization temperature and initiator concentration
strongly affect foam cell and pore structure C
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RF gels reach a modulus that is independent
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Thermal contraction measurements of foams L=
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Foams were compared for hydrogen wicking rate |=

4.0 T
3.5 —
3.0 -
E 2.5 a
L
c 2.0 —
(@)
© PE
T 1.5 MH
1.0 Aerogel
0.5 ]
0 | | | | ! | 1 l i
0 2 4 6 8 10 12
Time (min)
10-05-1087-2289A 2838

Figure 5



LON-VOLTAGE SCANNING ELECTRON MICROSCOPY OF TARGET MATERIALS*(UNC)
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NTR TION

The improved resolution of a SEM equipped with a field-emission gun
(FESEM) at 1low-voltage is highly beneficial for the examination of many
types of low-density mater1als.] Low-density materials frequently have
fine, delicate microstructures that are highly susceptible to distortion and
damage and are difficult to analyze and in a conventional SEM. Specimens
previously examined in a conventional SEM required conductive coatings to
eliminate charging and achieve high-resolution. However, cell structures in
low-density polymer foams can be severely distorted by coatings, and much of

the fine structural detail can be otherated.2
3

In extreme cases,
that are unrelated to the actual
structure. Thin membranes that form cell walls in some polymer foams also

coatings can form artifact structures

are extremely susceptible to electron-beam damage. This paper will
demonstrate the severity of these problems in ICF materials, show that they
can be substantially reduced by low-voltage scanning electron microscopy
(LVSEM), and demonstrate that the resolution of the FESEM at low voltage is
adequate to resolve much of the fine structural detail in these materials.

EXPERIMENTAL PROCEDURE

The simplest technique to examine microstructures 1in low-density
materials {is to fracture specimens and examine the fracture surface. The
fracture surfaces may not be entirely representative of the structure in

*Work performed under the auspices of (he U. S. Department of Energy by the
lawrence | ivermore National |2boratory under contract number W-7405-ENG-48.
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these materia]s,4 but they are reproducible and contain essential
structural features that are characteristic of these materials. Therefore,
fracture surfaces were examined for this study. Polystyrene foams and
aerogel were fractured in air; cellulose acetate foams were equilibrated in
liquid nitrogen before fracturing. The LVSEM was performed on an Hitachi
S-800 FESEM equipped with a cryogenic pumping system.

RESULTS
Polystyrene Foam: Cell structures in low-density polystyrene foams vary

with density. Two foams with a nominal density of 0.05 g/cm3 were

examined. One foam had a duplex cell structure composed of agglomeraticns
of fine cells interspersed between large cells; it also had a low density of
pores in the cell walls. The other foam was synthesized with a higher
concentration of surfactant and had a more uniform cell size with a high
density of pores in the cell walls.

Figures la through 1c show typical cell structure found in the low-
porosity foam with the duplex structure. Figure la, obtained from a carbon-
coated specimen at 20 kV, shows evidence of subsurface cell structure from
excessive electron-beam penetration at high voltage. Structural detail is
not apparent on the cell walls in Fig. la but s apparent at 2kV in Fig. 1b,
which is the same field. The fine cell structure in an uncoated specimen
obtained at 1.5 kV is shown in Fig. 1c. Carbon coating does tend to
obliterate some of the fine structural details, but this problem is not
readily apparent in Fig. 1. Fig. 1c shows a contrast effect that is
sensitive to voltage and disappears at 0.5 kV.(2) The 1light and dark
contrast regions form at points of contact between adjacent cells.

The uncoated specimen did charge at 1.5 kV, and the charging became more
severe at the slow recording rate of 40 s/frame and 2048 1lines/frame.
Although charging subsided at 0.5 kV, loss of resolution became noticeable.
Therefore, Fig. 1c was recorded by using multiple sweeps of the conventional
viewing raster at 0.5 s/frame and 512 linns/frame. An internal switch was
used to activate the camera shutter, and the image was vecorded with about
40 to 50 frames. This multiple-frame exposure technique 1s roughly

equivalent to using frame grabbing and averaging techniques available in
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computerized image-analysis instruments, but it does ieave observable scan
lines. Use of rapid scanning to minimize charging and electron-beam damage
is an established technique5 that can be conducted and perhaps even
enhanced with high-quality image-analysis systems currently available for
the SEM.

Coating distorted and wrinkled the 1larger cell surfaces in the low-
porosity foam. Figure 2a was obtained from a coated specimen at 2 kV; Fig.
2b was obtained from an uncoated specimen at 0.5 kV with the multiple-frame
exposure technique. These figures demonstrate that coating damage can be
eliminated by LVSEM examinations of wuncoated polystyrene specimens.
Although coating damage obviously is undesirable and can be serious, it does
not significantly affect the observed cell size because of the constraint of
the wunderlying material. Consequently, cell-size measurements made on
coated specimens are vreasonable and wuseful for relative comparisons.
Furthermore, examination of the subsurface cel! structure at high voltage
does provide important information on three-dimensional cell geometry.
Therefore, examinatior. of coated polystyrene foams can provide useful
tnformatina in spite of coating damage, but the type and extent of uamage
must be determired.

Subtle modifications caused by coating distortion ofte~ are difficult to
recognize. Such modification occurred at the edges of pores in the high-
porosity polystyrene foam with the uniform cell size. Figure 3a is a stereo
pair from a coated specimen taken at 1.5 kV; the edges around the pores are
severely puckered. Figure 3b 1is a stereo pair from the uncoated material
taken at 1.5 kV with the multiple-frame exposure technique; 1t shows
slightly less puckering than in the coated specimen. This difference i
subtle hLut real, and 1t was consistently observed throughout each specimen.
Because {1t 1s slight, 1t does not impair relative compa-isons, but again,
the extent of coating damage must be determined to assess its relevance.

Cellulose Acetate: Low-density cellulose acetate foams are susceptible
to ooth electron-beam damage and coating damage. They also tend to charge
severely even at low voltage in the FESEM.  Ir fact, the charging and
instabiiity of the cellulose acetate were sufficiently great that the

multiplo-frame exposure technique was ineffective.  The instability at 0.8
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kV is demonstrated in Fig. 4. Figure 4a is regarded to be an acceptable
structure of low-density cellulo.e acetate foam with a nominal density of
0.05 g/cm3. It was obtained by focusing in one area, then quickly
traversing to the area to be photographed and immediately initiating the
exposure. Only minimal beam damage is suspected to have occurred. Figure
4b was taken after approximately 30 s additional exposure. Figures 4a and
4b are mounted as a pseudo-stereo pair6 to emphasize the deterioration.
Since the specimen tilt was not changed, the three-dimensional structure
evident in the pseudo-stereo pair results from the surface damege induced by
the electron-beam. Some areas in Fig. 4 are too severely distorted to be
viewed in stereo.

Figures 5a and 5b show extensive electron-beam damage that formed after
a 2-minute exposure at 2 kV. The extent of beam damage is evident at low
magnification in Figure 5b. A laige void formed during the exposure, and
noticeable coagulation occurred along some ridges in the fracture surface.
Tne apparent cell size also is smaller than in the relatively undamaged
material in Fig. 4a, indicating that some shrinkage occurred.

Damage in low-density cellulose acetate foam caused by carbon coating is
shown in Fig. 6. Figure 6a shows considerable modification by a Tlignt
coating of about 2.5 nm; Fig. 6b shows even more extensive damage by a
slightly heavier coating of about 5 nm. A cavbon coating of about 10 nm,
which s normal for most materials, can completel  obliterate the structure
fn this material.

S111¢ca Aerggel: Silica aerogel 15 an extremely delicate material that
must be examined in a FESEM at low voltage without coating to properly
observe the structure.3 Early TEM studies revealed the structure to be
composed of fibrous chains of globular particles.7 Iler8 showed that
measurements of specific surface area obtatned by the Brunauer-Emmett-Teller
(BET) technique correlated reasonably well with calculations based on the
surface area of spheres that used the average particle diameter revealed by

TEM. Specific surface area measurements based on data generated by
small-angle x-ray scattering (SAXS) using synchrotron radiation also
correlate well with ©I7T measuremonts.9°lo The delicate structure of

stitca aerogel is highly susceptible to electron-beam damage tn the (M, so
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even the TEM observations are subject to uncertainty. However, agreement
among surface-area estimates based on TEM particle-size measurements, BET
specific surface-area measurements, and SAXS surface-area measurements
supports the TEM observations. Unfortunately, similar agreement could not
be obtained with conventional SEM examinations of coated silica aerogel
specimens.

Exampies of coated and uncoated silica aerogel structures are shown in
rigs. 7a and 7b, respectively. The silica aerogel study was obtained from
Airglass AB, Sjobo, Sweden; it had a nominal density of 0.1 g/cm3. Figure
7a is from a gold-coated specimen that was examined at 20 kV. The globular
structure in Fig. 7a 1is typical of both gold- and carbon-coated specimens
with sufficiently thick coatings to prevent adverse electron charging
effects. Figure 7b is an uncoated specimen examined in the FESEM at 2 kV.
It shows a fibrous structure that correlates reasonably well with the TEM
results. Obviously, the globuler structure in Fig. 7a is an artifact
structure that is not related to the fibrous structure in Fig. 7b.

SUMMARY

Coating damage, artifact structures induced by coating, and
electron-heam damage are severe problems when delicate microstructures 1in
many low-density materials are examined by conventional SEM techniques.
Low-density po rstyrene foam 1s representative of materials that can be
distorted by applications of conductive coatings. The distortion is not
always severe, and some wuseful results can be obtaitned from coated
specimens. However, proper examination of wundisterted structures 1in
polystyrene foams does require LVSEM {in ‘he uncoated state. Cellulose
acetate foam is representative of materials that are extremely susceptible
to both coating and electron-beam damage even at low voltage. Obviously,
cellulose acetate can only be examined by LVSEM in the uncoated state.
Silica aerogel 1is representative of a class of materials that apparently
nucleate artifact structures when they are coated. These artifact
structures may bear no resemblance to the actua. structure, as was the case
for stlica aerogel, and they can be extremely contusing.  The FESEM can
fmage the fibrous structure of silica aerogel tn uncoated specimens at tow
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voltage, but the structure obviously is approaching the resolution limit of
the Hitachi S-800 at 2 kV. Fortunately, most of these problems can be
either significantly reduced or eliminated by LVSEM examinations of uncoated
specimens. Furthermore, techniques such as Jon-beam coating]]'lz and
computerized image processing are expected to beneficial for most cf these
materials and will be explored in the near future.
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(a) (b)

Fig. |- Comparison of the fine cell structure in (he low-porosity
polysty rene foamm with the duples cell structure; G carbon-coated
at 20k NV, (hy carbon-coated at 2 hV,oand () uncoated at LS LY.
Horizontal image widih - 80 jiom,



Fig. 2 - Comparison of coating damage in the large cell structure
of the low-porosity polystyrene foam v.ith the duplex ceil structure;
(i) carbon-coated at 2 kY and (b) uncoated at 0.8 kY. Horizont !
image width - 160 p1m,



(h)

Fig. 3 - Stereo pairs from the high-porosity polystyrene foam with the uniform
cell structure showing the difference in distortion around pores in the cell walls;
(1) a carbon-coated specimen at 2 kV and (b) an uncoared specimen at 0.5k V.
Horizontal image width = 26 pm.



(a)

Fig. 4 - Structurz of 0.05 g/cm’ cellulose acetate foam at 0.8 kV; (a) initial micro-
graph, left and (b) after 30-s exposure, right; mounted as a pseudo-sterco pair
to accentuate the distortion. Horizontal width = 6.5 pm.

} P VA - »" .

() Fig. § - Electron-beam damage formed in 0.05 g/em® cellulose acetate at 2 kV;
(a) the arca exposed (b) area () at low magnification along with an adjacent
arca that was exposed for the same time. Horizontal image width: (a) - 8.0 jum,

(h) = 40 pum,

(b)
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(@) Fig. 6 - Modification of the cell structure of 0.05 g/cm’ cellulose acetate foam by (b)
(a) light carbon coating and (b) slightly heavier carbon coating, Horizontal
image width = 8.0 um.

. . , - ) (h)
Fip 7 - Structure of 0.1 p/em’ silica acropel; () coated at 20 kY and (h) uncoated
ot 2RV Horzontal image width: Go Lo pam, () 2.0 o,
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RECENT RESULTS IN GLASS SHELL FABRICATION

by

Wayne J. Milier
Raymond P. Belanger
KMS Fusion, Inc.
3621 State Road
Ann Arbor, MI 48106-1567

As the ICF program advances, the energy delivered by drivers increases,
requiring glass shell targets of larger diameters and wall thicknesses. Our
glass shell fabrication goals then are to steadily increase the range of
diameters and wall thicknesses we can make as wvell to increase the average

vall uniformity over the entire size range.

Using our drop tower technology we are pursuing two approaches: to
optimize the key experimental processing parameters, and to optimize the
feed-stock gel composition. In the early 80’s ve emphasized the processing
parameters, achieving greater control and reliability over the process as
vell as extending the shell size range. More recently ve have concentrated
on the gel feed-stock. In this paper ve report significant increases in the
shell size range and overall wall uniformity of our shells using optimal gel
feed-stock. In addition we report on-going experimen:s (similar to those
used in industry for quality assurance) designed to identify any significant
processing parameters not found by our other methods.

/
DETERMINTMC AN OPTIMAL ALKALI CONCE / S

At the last target fabricati ve reported the
results of experiments designed ! kali ratio in an
alkali borosilicate gel*®. Keepi de content (i.e.,

total oxide equivalent molar percentage) at 15% ve systematically determined

the optimal sodium to potassium to rubidium ratio to be 1:1:4.
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Our next step wvas to find the optimal alkali content in the gel for the
optimal alkali ratio. We examined gels ranging from 5% to 35% alkali oxide.
Each gel was tested, by varying known processing parameters, under conditions
to make smaller, thin-walled shells («100-600 um OD by =0.5-8 um walls) and
also under conditions to make larger, thick-walled shells (=200-800 um OD by
=2-14 um wvalls). Five different shell runs were performed under each set of
conditions with each gel. Since cesium was not inciuded in the earlier
experiments to determine optimal alkali ratios, we also examined a 15X cesium

oxide gel.

Shell diameters sicwly decreased and shell wall thicknesses increased as
the alkali oxide content increased. The most important trend is shell wall
uniformity, measured by rthe percentage of class A shells in a batch. A
class A shell has 1less than 10X non-concentricity in a single-viewv
interference photograph. As shown by iigure 1, class A increases with gel
alkali oxide content for the thinner, smaller shells, but attains its maximum
at about 20X for the thicker-walled shells. Cesium did not improve wall
uniformity 1. the 15% gels.

Since larger, thicker shells are of greater interest, the 20X gel was

selected for further study.

MODELING THE 20X GEL

Further study of the 2CX gel required the development of an empirical
mods+ | quantitatively reiuting the key processing parameters to the resulting
glass shell characteristics., Two sets of experiments were performed:
"screening” experiments to identify the key processing parameters, and
"response” surface experiments to guantitatively relate the key parameters to
the resulting glass shell characteristics. This type of expe: mentation was

previously discussed.! 2.°

The screering experiments examined eleven parameters composad of gel

aramets1 6 and gel blowing patameters. The gel parameters vere gel size, and
, wol K
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four gel pre-treatments by humidi:y exposure, autoclaving, vacuum oven
drying, and pyrolysis. The gel-blowing parameters were tower temperature,
shot size, shot interval, number of shots, water vapor pressure, and the use
of a portal to partially close the top of the tower furnace tube. O0f these,
four w-re found to be key parameters worthy of further study: gel size,

autoclaving, pyrolysis, and water vapor pressure.

Response surface experiments were completed for the four key parameters
using a Box-Behnken experimental design. Howvever the resulting polynomial
equation did not reliably predict the results of shell batches run at the
extreme values of the parameters. We added some extreme points to the design.

The new polynomial equation is reliable.

The calculated response surfaces show that this gel produces good quality
shells over a large shell size range. Figure 2 shows the response surface
for diameter. The calculated overail size range goes to 1100 ym OD and 14 um

wall thickness, shown by figure 3.

LARGE SHELLS WITH THE 20X GEL

The response surface experiments were performed using gel sizes up to
425 um. In order to push the shell size range further, ve examined shell
fabrication using our largest gel sizes, 425-500 wm and 500-600 um. Ve
performed a pseudo-respounse surface design using gel size, tower temperature,
and vater vapor pressure as varlables. The results were fit to a simple four
parameter polynomial. The calculated shell size range is shown in figure 4.
Note that the tower furnace temperature has a strong effect on 0OD. Ve have

not observed this trend with smaller gel sizes.

The percentage of class A shells is low in this size range, but the
class B shell percentage is reasonably higyh. Class B shells have greate:
than 10X nonconcentricity in a single view interference photograph, but do

not have other defects (i.e. Class B shells have Pl defects but not P2 and



greater). However for direct-drive experiments, this level of

nonconcentricity is acceptable.

SHEWHART EXPERIMENTS

We spent many years finding significant experimental parameters. However
w“e still had anecdotal evidence that shell runs are not as repeatable as one
would like. Although many pet theories "explained" the results, we did not

even have clear evidence for significant non-repeatable runs.

As a result, over the past year, ve have repeated five different shell
runs veekly. The runs are very similar to Shewhart control chart runs used
in industry to determine when a process is under control (i.e. repeatable)
and when a process is out of control (i.e. due to uncontrolled process
parameters). Shewhart experiments are statistically analyzed to clearly show
whether our shell runs are varying by more than the expected randem
fluctuations of controlled parameters. The pooled standard deviation of all
shell batches determines the expected standard deviation of the means of each
sample. "Control" limits are set at : 3 mean standard deviations around the
overall mean of all the runs. If a process is under control, 99.7X% of the

sample averages fall within the control limits.

A Shevhart control chart for shell diameters 1is shown by figure 5.
Although the control limits are broad, clearly less than 99.7X of the runs
are vwvithin the limits. Thus our process is affected by unidentified,
uncontrolled parameters. Ve have kept track of many environmental factors (
e.g. inside and outside temperatures and humidities, etc.) but, unfortunately
have not found a clear connection to uncontrolled variations. We are

continuing the search.



CONCLUSIONS

Ve are increasing the size range and wall uniformity of our glass shells.
Ve have found and quantitatively explored a superior gel containing 20%
alkali oxide in the ratio of Na:K:4Rb. The new gel produces shells over a
large size range with very good wall uniformity. We are also continuing
Shewhart experiments to identify and control parameters that have significant

long term effects on shell synthesis reliability.
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EVALUATION OF TENSILE STRENGTH IN ALKALI SILICATE SHELLS

M. A. Ebner, W. J. Miller, and J. L. Evans
KMS Fusion, Inc.
3621 South State Road
Ann fArbor, Michigan 48106

INTRODUCTION

Glass shells used as ICF fuel containers must withstand extreme extetnal

and internal pressure. A shell’s resistance to external pressure (compre:;-
sive strength) determines howv rapidly it can be filled with fuel by permea-
tion; its resistance to internal pressure (tensile strength) determines how
much gaseous fuel it can ultimately hold.

The compressive failure of glass shells has been identified as a buckling
failure mode.! It is characterized by Young’s modulus, which is dependent on
composition. The buckling strength of glass shells has been determined for
several compositions.?-?

Tensile strength data for glass shells are not as plentiful.4> Tensile
strength is difficult to study because it is a function of the history of the
glass and does not have an inherent value. While the theoretical strength of
glass is on the order of 1.38 to 3.44 x 10!° Pa, the actual ctrength of a
particular glass object is usually several orders of magnitnde icwer, and is
determined by the tlaw population. Fui thermore, tensile failuve can occur
elther by stress intensification at the tips of surface flavs and defects, or
by crack growth induced by stress ccrrosion (delayed failure or fatigue).
Consequently, since flaws are generally produced on the surface of glass
objects by handling and exposure to an abrasive or reactive environment,
glass fracture is highly random in nature. These considerations have caused
increasing concern In ta.get tabrication as target sizes have increased and
specifications become more stringent,

Ve scek to determine the effects on tensile strength of the permeant gas,
and of the geometiic characteristics, surface area, and glass volume of the
shells.  Ax the tallures have become more costly, greater target aeliability
(o1 predictability) has become increasingly desirable. Ve have theretore

tesumed studies to determine the etfective tensile strength ot glaus shellis,
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EXPERIMENTAL PROCEDURE. 7The shells used in these experiments wer~ alkali

silicate glass with a nominal 95 mol% silica composition. Randomly chosen

shells wvere individually characterized for diameter and wall thickness by
optical microscopy and interferometry. The diameters of the shells varied
from 450 to 750 um, the wall thickness from 1.2 to 8.6 um, and the aspect
ratio (o.d.. /wall) from 55 to 590. Betwveen 160 and 250 shells were used in
each experiment; tne characterized shells were arrayed in aluminum or brass
"egg crates" to preserve their identities during the experiment.

To ensure that buckling failure did not occur as the shells were filled
vith gas (H, or He) in preparation for the tensile tests and obscure the
tensile strength data, the crated shells were subjected to 30 atm buckling
pressures prior to permeation. The permeant gas was added in stages (< 25
atm, in a Parr bomb) to avoid the development of excessive buckling pres-
sures. These stages generally involved repeated pressure increments of 20
atm at 260 to 360°C, with permeation times betwveen pressure increments long
enough to achieve > 90% pressure equilibration.

Tensile strength wvas evaluated every 25 atm as the room-temperature pres-
sure in the shells was increased stepwise from 25 to 285 atm (He) and 25 to
250 atm (H,). As described in the preceding paragraph, the shells were pres-
surized at elevated temperatures. The 20 atm (high temperature) pressure
increases were repea.ed as many times as necessary for the room-temperature
pressure to increase by 25 atm. Then the Parr bomb was cooled and vented,
and failures aurally and visually inventoried.

The actual pressure in the sheils at each step was verified only for
H,-filled shells because He permeated from the shells too rapidly at room
temperature to yield reliable data. The H, fill pressure vas determined by
breaking individual shells in an evacuated PVT volume titted with a Bavatron
10 Torr pressure transducer. The method yielded very good gas till data with
a very narrov pressure distribution, generally with a o of 2X.

The final pressures were limlited by the pressure and temperaturce limits
of the Parr homb and the permeation tates of the glass; to achieve these high
pressutes, the final permeation steps vere conducted at reduced temperatures

(< 360°C) to remain within the pressame limits of  the Parr bomb, The

o,



experiments wvere terminated when 90% (He) and 86X (H,) of the shells had
failed.

DATA ANALYSIS. The fracture stress of the failed glass shells vas calcu-

lated from the shell diameter, wvall thickness, and fill pressure at failure,
using th2 hoop stress equation,

AP = 4S/AR,
vhere AP is the tensile load on the glass wall, S is the fracture stress,
and AR 1s the aspect ratio (o.d./wvall) of the fractured shell. Because of
the random nature of failure, these experiments produced failure stress data
with very broad distributions.

If the distributions are normal, the characteristic failure stress (ten-
sile strength) for the sample can readily be calculated from histograms,
cumulative failure probability curves, or from the slope of a least-squares
regression function fitting a scatter plot of the individual shell data (hoop
stress format). Ve elected to use the Weibull statistical treatment, which
is commonly used to describe the brittle failure of solids. It is a versa-
tile method that can accommodate skewved distributions, and that can also be
used to predict the probability of failure as a function of the applied
stress and the shell geometry.

In the common form of the Weibull expression, failure probability is a
function of applied stress® 7'8

F=1-exp [-(5/5)"],

and
F n/(N + 1),

vhere F is the failure probability or the fraction of the sample that failed

belov the measured sample failure stress, S; m is the Weibu]l modulus; S, is
a scaling factor or the characteristic strength;® n is the rank of the sample
in order ot increasing measured failure stress, and N is the total number of
tested samples. The Weibull modulus m is an indication of the spread of the
distribution. As m approaches zero, the spread of the failure stress distii
bution increases and the probability of failuie at any stiess § < S, in
creases.  As om oincreases, the spread of the data decreases, indicating great

et homogeneily in the sample.  The probability of failure is sigrificant only
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for S Z S, (Ref. 6). In addition, when m I 3, the sample distribution is
considered to be a normal distribution.’

In practice, the data are plctted in the double logarithm form of the
above equation,

In[-1In(1 - F)] =m 1In S - m 1n §,.

Since the Veibull expression is now a linear function, the Weibull modulus m
and scaling factor S, can be obtained from the slope and intercept of the
least-squares regression fit to the data. The median failure stress S, can
be calculated from the relationship, S, = $,(0.693)!/™.

The Weibull equation is also useful for predicting the probability of

shell failure as a function of fill pressure and aspect ratio of the shells.
Using the Weibull expression together with the hoop stress equation gives

P = (4S5,/AR)[-1n(1 - F)]i/m,
Consequently, for known values of S, and m, one can plot failure probability,
F, contours as a function of fill pressure and shell aspect ratio.
RESULTS AND DISCUSSION.

Ve expected to encounter brittle fracture of the stressed shells during
the rapid venting of the (dry) gas from the Parr bomb. However, in none of
the many fill-and-vent cycles could any bursting of shells in the dry gas
aimosphere be detected through the walls of the Parr bomb with a stethoscope.
lnstead, upon opening the Parr bomb to the ambient air (at 75 to 85X relative
humidity), there invariably commenced a staccato of bursting shells.
Detectable bursting usually ceased wiihin 30 min. The audible count of these
bursting shells agreed to within 10% with the subsequent visual inventory;
the discrepancy is probably due to the detection error (coincident bursts) in
the audible count. Thus these losses must be attributable to failure by
stress corrosion by the ambient moisture, rather than to brittle failure in
the dry gas environment of the Parr bomb.

The distribution of the failure stress data for the He sample was broad
and nearly normal, ranging f.om 1.58 x 10® to 2.04 x 10° Pa. The mean fail
ure stress of the actual sample data were 8.20 x 10® Pa (o - 2.82 x 10% Pa).
The Veibull modulus m and the median failure stress §_ were 3.31 (standard

error = 0.043) and B8.27 x 10%® Pa, respectively. The contours tor 5% and 50%
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probability of failure for these shells, calculated as described above, are
shown as a fvnction of He fill pressure and shell aspect ratio in Fig. 2.

The distribution of the failure stress date for H, vas broad and normal,
similar to that of the He data, with failure stresses ranging from 1.38 x
10° to 1.23 x 10" Pa. The Veibull modulus m and the median failure stiess
S,y calculated from the slope and intercept of the regression function, are
3.50 (standard error = 0.02) and 6.82 x 10* Pa, respectively.

The comparison of the least-squares regression fits to the Weibull plots
of the He and H, data in Fig. 1 shows only a slight difference in slope,
indicative of a similarity in the shape of the data distributions, but a
significant difference in intercept, indicative of a difference in median
strength.

As shown in Table 1, the mean and median failure stress values for the H,
sample population were both about 20% lower than the corresponding values of
the He data. While the large ¢ values for the mean values of these broad
data distributions would suggest otherwise, the difference between the two
mean failure stress values is indeed statistically significant since the
confidence intervals at the 95% level for the two means do not overlap.
Furthermore, there is a 95% level of confidence that the means of the two
data sets differ by 1.55 x 10%® + 5.53 x 107 Pa (see Fig. 2).

This difference in median strengths has a significant effect on failure
probability, as cshown by the comparison of 5% and 50% failure probability
conforms for He and H, in Fig. 2.

There are at least two mechanisms that may account for the reduction of
glass strength by H,. Hydrogen may react with the glass, reducing the silica
to form-'SiH and SiOH moieties®'!° in the glass, or it may react with the
residual CO, (a blowing gas) in the shell.!!:12 This reduction reaction
could result in the production of as much as 0.2 atm vater vapor pressure (at
room temperature) in the shell. This water vapor could react with the inner
glass surface to cause corrosion-induced flavs to form on the inside surface.

Spectroscopic evidence of the silica reduction r1ecaction has been reported
for 1eaction temperatures greater than 500°C.%-'%  Shelby” has also implied
that the reaction may proceed at lower temperatures. If this is indeed so,

then the extent of reaction and the 1eaction rate arce expected to be highly
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dependent on the gas pressure, temperature, and cumulative reaction time.
Thus one would expect the average failure stress value to decrease steadily
as the fill progressed, as a consequence of the increasing H, pressure and
reaction (fill) time.

An analysis of the failure dara did not reveal such a trend. The failure
stress data for H, do not shov any relationship to cumulative reaction time
or to H, pressure, as shown in the H, scatter piot of Fig. 3. This is more
readily apparent when only the median failure stress values for each data
group at the various pressures are considered, as indicated by the arrows in
the figure. The best straight-line fit to these median failure stress value:
has zero slope, indicating that there is no relationship of failure stress to
fill time or H, concentration.

The present data are more consistent with the residual CO, reduction
mechanism, which is thermodynamically more favored than the silica reduction.
Furthermore, this reaction is expected to have a much higher reaction rate
and is expected to go to completion rapidly because of the large excess of
H,. The total reaction time is expected to be considerably less than the
cumulative fill times used in these experiments, and the effects of this
reaction should manifest themselves early in the fill cycle. Preliminavy
evidence from residual gas reactions with D, supports these speculations.!?

As glass shell surface area increases (due to increasing shell diameter),
the number of flaws per shell is likely to increase, as is the probability
that a shell will have a fatal flaw. Therefore, one could expect the ob-
served failure stress to decrease with increasing shell surface area.
Howvever, a detailed analysis of the two sets of failure data has shown no
dependence of tensile strength on shell surface area.

There is, however, an apparent relationship between failure stress and
glass volume. As shown in Fig. 4, plots of failure stress as a function of
glass volume show a pattern of decreasing tensile strengtl with increasing
glass volume, both in the H, and the He data. A portion of 1uis trend may be
the result of error in experimental measurements of failure pressuie and wall
thicknes:. However, our error analysis reinforces our contidence in the

validity of the relationship between glass volume and tensile strength.
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In principle, if tensile strength were truly an intrinsic material pro-
perty, one would expect the observed failure stress to remain constant, in-
dependent of glass volume. However, the original Weibull equation!3 postu-
lates the relationship of increasing glass volume V to decreasing glass
strer ;th,

F=1- exp [-V(S/5,)"].
As before, m and S, can be obtained from the slope and intercept of the
least-squares regression fit. The median failure stress now depends on m,
Syy» and V,

Sn = S,(0.693/V)1/m,
Including the volume term in the Weibull equation results in a much better
fit of the calculated probability contours to our data (cee Fig. 5).
Hovever, further work is needed to clarify that volume, rather than wall

thickness or inverse asperct ratio, is causing the decreased failure pressure.

Table 1. Failure Stress Values for Gas-Filled Glass Shells

Failure Stress from Sample Distribution (10% Pa) Weibull Characteristics
Fill Pressure g 9%% Confidence m S

Gas Median Mean Interval (10El Pa)

He 7.99 8.20 2.82 7.72 - B.68 3.3 8.27

H, 6.64 6.64 2.08 6.34 - 6.96 3.5 6.82
Difference between mean (95% confidence interval) = 1.55 x 10%

5.53 x 107 Ppa.
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in the median strength.
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Figure 3
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Figure 4
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THE FILLING AND LEAKAGE OF MULTILAYER
POLYMER FUEL CAPSULES*

John Z. Grens and Eben M. Lilley

University of California
Lawrence Livermore National Laboratory
P. 0. Box 5508, Livermore, CA 94550

I4TRODUCTION

Poly(vinyl alcohol) (PVA) coated polystyrene (PS) shells have beer
described by Burnham et al.‘ and are used in Nova laser targets. It is
necessary to know both the fue! (deuterium) fill and the amount of other
gas, such as argon, very accurately so that the experimental results can be
properly interpreted. This paper describes briefly how the trace gas and
fuel are added to the shells, how the resulting fill 1is measured and the
leakage to be expected when the shell is removed from pressurized storage.

TRACE GAS ADDITION

Neither the PS core nor 1 ' of the fuel capsules
provide any significant barrier re resistance to flow
fs concentrated in the PVA lay: 1, the permeability is
so low - half life in the one .at the argon must be
added before th PVA coating | rrmeability s at odds
with published data for films, but nas> weuvn e iany times. The argon

content of the shells changes only slowly after the PVA is cured.

We constructed the apparatus shown in Figs. 2 and 3 to allow us to
remove the air from the shells which had previously becn loaded 1into
caplllary tubes and then expose them ton a partial pressure of argon.
Usually this 1s .05 to 0.10 atmosphere. The shells are then brought to a
total pressure of just under 1 atmosphere and PVA solution admitted from the
heated reservolr In  the base of the apparatus. the arvqon content

*Hork performed under the ausplees of the U, S, Department of bnergy by the
Lawrence Livermore National Laboratory under contract number W 740% ENG 48,



essentially does not change from this time onward - we have checked this by
curing the PVA in an argon filled column and in a nitrogen filled column,
and find no difference.

TRACE GAS MEASUREMENT

We 1independently confirm the fil1l of trace gas by X-ray fluorescence.
This is not a particularly easy measurement due to the minute quantity of
argon present and the interference of the Chlorine peak adjacent to it (Fig.
4). The sample is mounted between two 300-400 Angstrom formvar films at a
carefully located position in a 35 mm slide frame. About a 5 mm diameter
spot is available in which the readings remain constant. The machine used
fs a Kevex 700, operated by Beam Lab Inc. of Livermore, CA.

Calibration has been accomplished in two ways. We prepared a dot of
Potassium Chloride of accurately known mass, the K lines of which neatly
bracket the argon K line. HKWe also prepared 1 atmosphere and .01 atmosphere
argon filled shells - two pressures we can get very accurately. The method
gives a resolution of slightly better than .C1 atm.

FUEL GAS FILL

After the shells have been PVA and CH coated, radiographed for sise and
layer thickness, had the trace gas determined by X-ray fluorescence and
placed in individual glass capillary tubes, they are ready for dcuterium
fill.

The permeablility of PVA to hydrogen is high enough in young capsules
that they may be filled at room temperature in a reasonable length of time.
The permeabllity of the PVA does change with time - decreases - but we have
not made a detalled study of {t. Very young capsules of the 400 micrometer
size range have a 1/¢ leak rate of 10 hours or so, older ones - a month or
two - may be in the 2% hour rvange. The capsules castly withstand a 10
atmosphere external pressure, and we use steps of thls slze to bring the
pressure  to  the desired (011, usually 450 atmospheres.  An appropriate

partial pressure of arqgon s matntalned during the 111 process.



FUEL GAS LEAKAGE

The filled capsules are heat treated at 60°C for 24 hours. This process
extends the 1/e time for leakage (again, of a 400 micrometer capsule) to a
nominal 100 hours. If we just aged them for a year or so, they would get
near this number on their own, but the low temperature heat treatment is
quicker.

Leakage 1s checked on seiected capsules by placing them in capillary
tubes with one ond sealed and monitoring the motion of a small plug of
Mercury placed in the tube. This 1s done elither with consecutive
photomicrographs or with the apparatus shown in Fig. 5, which monitors the
caange in resistance of a pair of fine wires as the location of the Mercury
plug changes.

Capsules and completed targets are stored under pressure in quick
opening autoclaves. The nominal time from when a target 1is removed from
pressurized storage until it is shot at by the laser is about 2 hours -
argon loss is nil and deuterium loss is about 1.5%.

REFERENCES

1. Burnham, A. et al, J. Vac. Sci. Technol. A5 (6), Nov/Dec. 1987, p. 3417.



AR CPS

Argon Leakage

50

30 A

50

Figure 1.

100 150

Days

Argon loss vs. time

200



gt

Connection toc vacuum,argon,

deuterium and pressure instrument.
|

Glass cylinder

Capillary with PS mandrels.
(1 of 6 shaown)

niet air filter

W . —— Fill regulating valve
Wmm_
Thermostated PYA I/ |

, : 7 |
eservo.r vw% ’]

Figure 2. Apparatus for filling PS-PVA






wil

871202428
Coincs 300SEC

—_———

EJO—BEEM L A B 02 -10 -8 8

2:9-s 0L ID 0.1 ATM AR BEAD NO 4 12/082.

180-0 CTTED BLANK FORMVAR |[2/02 /ae 7 %qFA

[
183 - CL C A # T Jb ¥

129 - ?\I .
| |
S0 - i%
|
Ej- ,l \ ' [ i f 1
AL S \ YL - e
: ' [ e )
i

foo ; ! N |
1 \ ] - )2 . T
pood ANV .
~ "'\‘4", L«w/‘\/ M - E o )
% g e 7L - e =l - z - - .- ] . B} .- KEV
e

W
nh -
wun
o

Fizure 4. XRF Spectrum



Metal Plate with
Temperature Monitor

/

‘Caosule under Tesfj / ercury Plug|

| /
| S S

Enoxy Plug,

]

|

hid

\

N

| -/

\
\
l‘ :

oI /> Resislance Wires
e

e

Figufe >.

Ap_parotﬂé for meo_suring]

Capsule ‘eakage. = |




MEASUREMENT OF ARGON CONTENT IN GMBS
USING NEUTRON ACTIVATION

by

Peter L. Gobby
Materials Science & Technology Division
Los Alamos National Laboratory

and

Matt Hyre
U.S. Army

ABSTRACT

Neutron activation has been used to non-destructively determine the
argon content of glass microballoons. A technique was developed using a
standard which relieves the need for knowledge of the neutron flux and the
detection efficiency of the gamma rays. Argon contents of approximately 20

nanograms were determined with an accuracy of about 35%.

INTRODUCTION

Argon is frequently used as a tracer in laser fusion experiments.
The intensity of its 3 keV emission is a measure »f density and temperature
in the implosion of an argon filled glass microballoon (GMB). Since each
target shot requires a considerable investment in time and money, it is
important that the argon content is verifiad before firing the laser. We
have chosen to investigate the utility of neutron activation in making this
determination.

40

Ar"" makes up 99.6% of naturally occurring argon, so the neutron cap-

ture reaction of interest is

0 il

/, !
n + Ar' -m-‘

The thermal neutren cross section for this reaction is 0 53 barn

A"l

subsequent ly decays via fi to K/‘l with a halt 1ife of 1.8% hour. A

[



gamma ray of energy 1.293 MeV is released concurrent with the f-decay. It

is this gamma-ray which is detected in the neutron activation analysis.

MATHEMATICAL FORMULATION

In order to deduce the amount of argon present in a sample from the
number of gamma rays detected, it is necessary to develop some ejuations
describing the activation process and subseyuent decay. In general, the

rate equations describing these processes are

dN/dt = -Nlo (1)
and
dN*/dt = Nlo - aN™, (2)

where N is the number of atoms of the species to be detected (in our case,
. : . JA O,

argon), I is the thermal neutron flux, o is the cross section, N is number

of activated atoms and a is the decay constant (the natural lop of ?

divided bv the half-life).

Equation (1) merely describes the conversion of the original species
into the activated species, In principle, the original species is being
"used up", but in practice the cross section and neutron flux are small
enough that no significant portion of the original sample is converted to
the activated species in an activation erposure less than many weeks,  Con-

sequently N is effectively a constant.

Equation (?) describes the rate of change of the activated speeies,
Since the activated species fs being created and destvoyed (activation and
radioactive decay), there are two terms that contribute to this rate of

change.



These equations can be easily soived to yield

No - _a% (3)

naI[exp(atl)-I][exp(-atz)-exp(-at3)]

where Ny is the original number of atoms of the species of interest in the
sample, ¥ is the number of gammas detected, n is the detection efficiency,
t is the activation time, ty-t is the time between removal of the sample
from the reactor and the start of counting and t,-t, is the counting time.
The time between removal from the reactor and the start of counting allows
the activity due to the short-lived oxygen and nitrogen isotopes to reduce
significantly so the sample could be handled safely. It also helped reduce

background count rates,
ARGON DETERMINATION

The samples of interest were 300 um GMBs filled with 0.8 atmospherc
of argon (20 nanograms Ar). With such a small sample [t was necessary to
minimize the amount of material irradiated to reduce the background to a
tolerable level. To this end, the GMB under test was mounted as shown in
Fig. 1. The tantalum piece was first attached to the nylon fiber with RTV.
The tantalum had been weighed beforehand and was used as a standard.  After
the RTV was cured the GMB could be attached. This provided a secure mount -
ing, but also allowed subsequent removal of the GMB from the stalk for use

as a laser target.

Once mounted the sgample was placed in a polyethylene bottle and
placed in the reactor for frradiatfon. After {rradfation for one halt to
one hour, the bottle was removed from the reactor and placed in a lead
shiclded contalner until the activity reduced to a safe level.  The stalk
mounted CMB was then removed from the bottle and transterred to anothen
simflar bottle. This was necessary because alr contalng one percent arpon,
and the sipnal from the arpgon thus trapped tn the botole daring frradiation

would eanily swamp the desfred slpnal . The sample was then placed fn front



of the detector for gamma counting. The detector was a standard germanium

detector with a 1.9 keV FWHM resolution.

A gamma spectrum of an argon filled GMB is shown in Fig. 2. The
large variety of peaks is due primarily to Ta. The peak shown as ﬂ* is due
to the 0.511 MeV gammas released when a positron annihilates with an elec-
tron. Positron-electron pairs are formed when gamma rays of 1.022 MeV or
higher are absorbed near a heavy nucleus. There are also impurities in the
nylon and RTV that show up in the spectrum. Manganese and indium are two
such impurities whose gamma lines are identified in Fig. 2. A small amount
of manganese poses no problem in the analysis for argen, but a very small

amount of indium complicates matters somewhat,

Activated indium has a gamma Jine at 1.293 MeV, identical in enerpy
to the argon line of interest. In addition, the cross section for TR
155 barns, about 300 times larpger than that for argon. Consequently o very

small indium contamination can easily bury the Ar gamma signal.

Fortunately, the {ndium countamination was small enough that it could
be corrected for, The Indium line at 1,097 MeV was used basically to
determine the amount of {ndium present,  Then the i{ndiuwm contribution to
the 1.293 MeV peak could be determined and subtracted, leaving only the

contribution due to the argon.

The tantalum piece placed adjacent to the GMB during radiat fon served
to eliminate the need to know the precise neutron {lux and the detection
efficiency.  Since the amount of tantalum was known, alonpg with {ts hald
lite and cross secoion, we could use equation (3) to calceulate 1y, the
product of the neatron flux and detection efficlency, Sinee the tantalum
was adjacent to the WMB, {t saw the same neatron flux. Stnee o tantaluam
pamma oe was near In enerpy to the arpon THoe (1289 MoV for Ta,
1.293 MeV for Arvs, but resolvabl s, Tty detection efficliency wonld alao he
fdentfeal . (See Fip o b)) In this way, 1t was not necensary 1o Fnow oithes

I ov n,



RESULTS AND CONCLUSION

Two samples were run to check out the technique. Both OMBs were

300 um diameter and were reported to contain 20 nanograms of arpgon.

Sample #1 was mounted with a 56 ug Ta standard and was irradiated for
one hour. It then rested for 22.75 minutes before counting began, which
lasted 33 minutes, The argon mass determined from this data was 19/

nanograms.

Sample #? was mounted with a 89 up Ta standard and was irradiated for

30 minutes. Its rest period was only 13.7 minutes, and counting lasted
33 minutes. The argon mass for this sample was determined to be 1646
nanograms .

The rather large uncertainty (#35%) was due entirely to the uncer-
tainty in the tantalum cross section.  The argon and fndium cross sections
and all half-lives are known to much higher precision. Count rates wete
stgnitfcantly large, so counting statistics also were not a tactor fn the

ultimate precision,

The utility of neutron activation for the determination ol arpon con
tent in Gmbs has thus been proven,  Hipher precision could be achicoved by
using a standard with a better known cross section,  The requirements  of
sveh a standard would fnclude a well-known cross secetfon and halt Vit
pamma onerpy o the ranpge of 1297 MoV but separable from 1t and neplipible

fmpurfties that would conflict with the avpon pamma sipnal (eop., fodbam)



r. .URE CAPTIONS

Recoverable mounting system The tantalum plece s attached to the
nylon stalk with the RTV. After the RTV [s cured, the GMB was placed
in the position shown. After irradiation and counting the GMB could

be easily removed for remounting as a target.

Gamma-ray spectrum of neutron irradiated target with tantalum stan-

dard.

Expanded gamma-ray spectrum for energies above 1.24 MeV showing the
fndium peak colncldent with the argon peak at 1.293 MeV as well as
the tantalum peak at 1.289 MeV used to determine the product of neu-

tron {lux and detection efficiency.
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THE FABRICATION OF "GAUSSIAN BUMPS"
ON SMALY. SPHERICAL SUBSTRATES

by

S. R. Murrell, G. B. DeMaggin, H. K. Lintz,
J. A. Ruppe, A. R. Soltis, and J. C. Daukas
KMS Fusion, Inc.

3621 South State Rd.

Ann Arbor, Michigan 48103

INTRODUCTION

The objective of the reported work was to fabricate hollow microsphere
targets containing well known wall non-uniformities and surface detfec:s.
These targets will be used to study the influence of known perturbations on
implosion dynamics. The geome‘ric characteristics were chosen such that the
perturbation cross section is described by a Gaussian curve with a well de:
fined height and full width half maximum (FWHM). Perturbations were to con
sist of both low-Z polymer (polystyrene) and Mid-Z material (aluminum). The
application of the polystyrere bumps was accomplished by melting polystyrene
beads onto the GDP coated surface of polymer targets. This report, hovever,
limits the discussion to the preliminary studies for fabricating aluminum
"Gaussian lumps" on glass microshell targets by means of evaporation through
a pinhcle aperture. Also discussed is a model developed in parallel wvhich
helped us to better understand the bump lormation process and to optimize the
deposition parameters.
DESCRITTION OF MODEL

It is assumed that depcsition through a mask occurs only at those polnts
on the substrate which are expozed by line of sight (o the evaporant source.
The rate of deposition for any exposed point is propor tional to the area of
the soutce "visible" thiouph the aperture from that point. vne cen imagine a
cone with fis apex at . given point on the substrate, and with its angulm
extent confined by the pinhole. Thix cone {4 called the line oi sight cone
and subtends a solid angle detetmined by the diameter of the pinhole aperture
and by the spacer distance (see Fig 1Y This Tine ot Sight cone projects a
"disk” calied the projection disk onte the plane ot the source.  The diamete

ot the projected dick 14 a tunction ¢f the solid angle of the cone and the



distance between the source and the substrate. The source itself is repre-
sented mathematically by a disk which is located on the source plane.

The deposition rate at any given point on the substrate is dependent on
the total area of overlap of the source disk and the projected disk. The
point on the substrate which corresponds to the maximum overlapped area re-
ceives the highest deposition rate. The source disk and the projected disk
corresponding to the center point on the substrate, for example, are concen-
tric. Therefore, the overlap area is at 1its maximum value always at the
center, This is the location of the maximum height of the bump. Further
awvay from the center of the substrate, the center of the projected disk is a
small distance awvay from the center of the source disk. The overlap area,
then, decreases to only a certain percentage of tne maximum. At points on
the substrate beyond a certain distance the projected disk and the source
disk will no longer ove: ap. This covresponds to a deposition rate of zero
on the substrate at these points.

A histogram is calculated wvhich gives values of (he percentage of maximum
overlap area as a function of distance from the center line through the sub
strate. An absolute value is then given for the maximum height of the
modelea bump. Finally, the height »t{ the bump at each point awvay from the
center is simply the corresponding percentage of this maximum. The histo:
gram, then, represents a true cress sectional view of the resulting "Gaussian
Bump®. The histogram is plotted in graph form and a direct comparison is
made between the plot and an SEM miciograph ot the actual fabricated bump.
EXPERIMENTAL

The pinhole mask is shov. in vig. 2. The aluminum vapor passes through
the pinhole apertures wvhich range in diamnter trom 20 to 40 um. The vapot
transverses a distance dependent on the spacer distance. Finally, the alumi
num deposits on the shell which i« being held in placc by a counter sunk hoie
in a small brass disk. The shell !s forced agaiout this dise by thin pirstic
wrap so that it will not change pesition as the deposition run proceeds.

The pinhole aperture assembly i then positioned ditectly above the alum
tnum evaporant sonvce (ses Fig. 3).  The aluminum is evaporated by means of
an election besm gun,  The electior gun iy used because of its r1elatively low

tadiant temperatuie and high evaporation cate.

|0



The first few bumps fabricated through a 25 um aperture proved to be a
surprise. These bumps resembled cones rather than Gaussian curves. Upon
inspection of the pinhole aperture it was discovered that the 25 um aperture
closed completely during the run. The model was then altered to account for
the closing aperture which was assumed to close linearly with time. After
incorporating the closing aperture into the model, the bump and model were in
close agreement as showvn in Fig. 4.

In the model, a pinhole diameter of 35 um with a spacer distance of 203
um resulted in a bump with a full width half maximum of 34 uw. The corres-
ponding fabricated bump shown in Fig. 5 has a FWHM of 29 umn. The value en-
tered for the bump height in the model was 9.8 um just as is the height of
the fabricated bump. Although the model describes the overall dimensions of
the bump, it does not describe the shape of the bump exactly. These differ-
ences may be due to several factors that have not yet been incorporated into
the model.

These factors may include: the flux of evaporant; the temperature of the
aperture mask; possible variations 1n the directionality of the evaporant
impinging on the aperture; imperfections in the shape of the aperture; uncer-
tainties in experimental measurements such as: aperture diameter, spacet
distance, fluctuating source diameter, source to substrate distance, and
overall configuration alignment. These factors may have an effect not only
on bump shape but on the morphology of the bump as well as the morphology of
the film which is responsible for clogging the aperture (they are ditferent).
The above mentioned tactors wilJl be incorporated into the model in fuiure
work. The resulting effects will be weighted against each other and compated
vith corvesponding fabricated bumps.

CONCLUSLON

Ve have produced localized perturbations on small spherical substrates
vhich, in c¢ross section, resemble Gaussian curves. The overaii dimensions of
these "Gaussian sdumps" are closely predicted by a model which has been devel
oped in paraliel.

Further studies ot the {ilm growth process are requirted to account for
the difterences between the model and the fabricated bumps.  Forced changes

in the model ta gain hetter agreement with experiments may tranzlate to a



quired knowledge about the prccesses involved in the evaporation of aluminum
through a pinhole mask. Perhaps the work may be generalized to study the

deposition characteristics of various evaporants passed through masks of any
shape and size.
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Figure

Schematic diagram of substrate, pinhole aperture, and source disk.
The line-of-sight cone projects a disk onto the source plane.
Note: The center line extends from the -enter of the microshell
substrate to the center of the scurce disk.

Schematic diagram of pinhole aperture assembly. The spacer
distance and the aperture size can be easily changed.

Photograph of experimental arrangement. The aperture assembly is
positioned over the source with an x-y micro-positioning stage.
The viewing mirror helps the operator see the source.

SEM micrograph of a bump fabricated using a 25 um aperture and a
S3 um spacer. The aperture closed completely during the
deposition run. Tne calculated bump is also shown for comparison
between the model and the fabricated bump.

SEM micrograph of a bump fabricated using a 35 um aperture and a
203 um spacer. The aperture closed to 30 um diameter during the
run. The calculated bump is shown for comparison.
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Figure 1. Schematic diagram oi subsirate pinhole aperture, and source disk. The line-of-sight cone
projects a disk onto the source plane.
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Cross sectional view
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Figure 2. Schematic diagram of pinhole aperture assembly the spacer distance and the aperture size
can be easily changed.

Calibrated rate monitor

Viewing mirror

X-Y posiioning stage

Aperture assembly

Electron beam gun

Figure 3 Photograph of experimental arrangement The aperture assembly i1s positioned over the
soutce with an x.y micropositioning stage — The viewing mirror heips the operator see the

source
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Figure 4. SEM micrograph of a bump fabricated using a 25 um aperture and a 53 xm spacer. The
aperture closed completely during the deposition run. The calculated bump is aiso shown
for comparison between the model and the fabricated bump.
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AN INTEGRATED MODEL FOR SPUTTER COATING UNIFORMITY*
R. S. Upadhye, M. K. Kong, and E. J. Hsieh

University of California
Lawrence Livermore National Laboratory
P. O. Box 5508, Livermore, CA 94550

INTRODUCT]ION

The coating flux received by substrates in a sputter coating process
consists of two components: the diffusive flux, contributed by fully
thermalized atoms, and the directed flux, contrihuted by atoms which have
retained a major part of their original velocity. Following our earlier
computer modeling work.] we have developed an integrated model of the
process which assigns weights to the two me-han!sms; the weighting factors
are then related to the process and equipment parameters. Our modeling
resuits will be compared to experimental data and available theoretical
calculations from the literature.

EXPERIMENTAL

A schematic of the rxperimental set-up 1is :chown {in Figure 1. The
sputtering chamber has a maximum sputtering distance of 12". A Cu Sloan
3"-ring {s used as the sputtering target. The gun is mounted off-center
with the clousest wall distance equal to 6". HWe used 1/8" glass rods as
substrates. All depositions were made at 20 mtorr and room temperature. In
our experiments, we varied the substrate to target distance (v) while
holding the ground plane to target distance (L) at 12". After cach
experiment, we monftored film thicknesses at the glass roa.

RLSULTS
As expected, the flux rate ratio between locations 6 and 4 decreasos as
the substrate ts moved down toward the ground plane.  Both flux rates

* HWork performed under the ausplees of the U S, Departmeat of Enevgy by the
Lawrence Livermore Navtonal Laboratory under contract number W 7404 ENG 4G,



drop as &/L 15 increased from the base value of 0.5. However, the ground
plane has a stronger shadowing effect on location 6 than 4 because the
latier dopends exclusively on diffucional! coating flux. Thus the flux rate
ratio decreases also. As the substrate 1s moved cioser to the source, thus
decreasing the value of L/L below 0.5, the flux ratio decreases rapidly.
The flux rate ratios are plotted in Fiygs. 2 and 3.

DISCUSSION

The initial flux leaving the target is directional, where the sputtered
atoms follow a straight line trajectory. In this state, thelr movements can
be described by simple, 1line-of-sight modelsz. As the sputtered atoms
undergo collisions with the sputtering cas (typically Ar) atoms, they become
increasingly thermalized (i.e., acquire random velocity orientation). After
a sufficlent number of collisions, the target atoms are completely
thermalized, and their net movement can be described by diffusion
equations. The transition from the directed to the diffusional flux His
gradual.

The proposed model takes 1{into account the gradual shift from one
mechanism to the other in a continunus manner. Using similar assumptions of
our earlier work‘ we can write the following set of equations to define
the diffusional transport part of our model:

a0, (10 40y g h

d z2 r dr dr
with the boundary conditions of a specifled diffusicnay vlux, f(r), at the
chamber entrance, and zero concentrations at ail cxposed surfaces. Ko
solved these equatlions using the Topaz 2-0 finite element program (which |«
a hrat conduction code) using the analogy between weat conduction and
diffustive mass transfnr.3 He have shown earlier  that  the  coating
uniformity on a smill  substrate 14 Insensitive to the inltla) tlux
dlstrlbutlon.I For the purpose of  thi~ fpvestigation, we  tmposed o
untform flux at the chambor entrance.

The catcnlations of the Jdivected flax distribution wre stratght torwarg:

the top of the substrate fTacing the target vecelves the tuld divected [ lox



(corrected for surface orientat’on), whereas the bottom part, being in the
shadow, gets no flux.

Let ¢z be the fraction of thermalized atoms at any position z. Let
A b» the mean free path of the atoms at the chamber pressure aund
temperature, and n the expected number of collisions undergone by the netal

atoms at the position z. Then, following the treatment given by Ezker et.
4 5

al.,  and Townes,” we can write:
¢z - ] _ e-k.n - -l _ e_k (Z/X) (2)
Let fO be the initial directed flux, fd and ft be the directed and

thermalized flux contributions at position z, and fn be the net flux at
position z. Then, since the metal atom concentration is much smaller than
that of the inert gas, we can write

fom (1= 0,).65+ 0, f (3)

Equations 1, 2 and 3 completely define the mndel. The mean free path
can be estimated using the kinetic theory of gases; for our specific case,
we have calculated 1t to be .079 inch. HKWe have estimated the decay constant
k, defined in equation 2, from our data to be 0.006. HWe adjusted the value
of k until we got a satisfactory fit between the data and the model
calculations.

Figures 2 and 3 summarize the thermal and {integrated model calculations
and the.data. The ratiu of the minimum to maximum flux rateos (namely, at
locations 6 and 4 respectively) on the substrate surface §s plotted on the
y-axis. The experimental daia points are shown as stars connectled by o
solid 1ine, following the legend shown in the figures.

The inteqgrated model predicts correct trends over tts entlive range.
Aleo, the model predicts correct uniformity values for @/1 bhetween (126
and /%, As the flux decreases away from the tavget, and as the Influence
of the qround plane increaces, the ervors In the Jdata av well a. the
diffustonal madel fncroase,  This may explatn the divagreenent between tie

model and the data for /1 greater than 0,20,



CONCLUSIONS

We have developed a simple, integrated, one parameter model to describe
the fiux uniformity in a sputter coating procsss. This model is valid for
both the line-of-sight and diffusional mechanisms. It accounts for the
gradual transition from the directed to the diffusional flux control, and is
valid over the entire range.
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THE REACTIVITY OF THE RESIIUAL BLOVING GASES IMN GLASS SHELLS

by

Matthias A. Ebner, Vayne J. Miller. and Levi T. Thompson
KidS Fusion, Inc.
3621 South State Road
Ann Arbor, Michigan

INTRODUCTION

A major concern in Tnertial Confinement Fusion (ICF) implosion experi
ments is the mixing of the fuel with electron-rich, high-Z species that may
degrade the efficiency of the DO or DI fusion reaction. The shell material,
normally glass, has been :the focus of much of this concern. The residual
bloving gases within the shell, wvhich are intimately mixed with the fuel,
have usually been ignored because of their negligible concentrations in high-
pressure targets. Removing or reducing the levels of residual blowing gases
becomes especially important in rargets with a low pressure of fuel because
they significantly dilute the fuel. Ve contend that it is feasible to reduce
the amount of residual blowing gases in glass shells.

Glass shells made trom :=rogels usually contair residual blowving gases
that include CO,, N,, 0,, and H,0. The residual bhlowing gases are present at
pressures up to 0.25 atm (at room temperature) and consist of 60-90X% Co,.!
Not only do residual bloving gases djlute the fuel, but CO, and H,0 can cor
rode the interior surface of the rlass shells by forming basic carbonates and
eventually silicates. Corrosion features wveaken the shell wall, {i.e., lover
the tensile strength, and may cause Reyleigh-Taylor instabilities during the
implosior. This problem {increases with shell size, because the mass ot re
active residual gas increases geometrically with shell diameter and because
high levels of water vapor must be used in making such shells.

Carbon dioxide can be converted to CO and pos«ibly to hydirocarbons, which
have a lover average 7 and are inert to glass. In principle, this converstion
can be accomplished by the aydiegenation of €oO,. Several of the importanmt
teactions are:
the tever:se gas shift reaction,

co, « H

) ; > o H,0 &G, v, - 1.736 Keal/mole

the methanation reaction,



CO + 3H, --> CH, + H,0 OGg,, = -15.264 Kcal/mole
and possibly the Fischer-Tropsch synthesis reaction,

n CO + 2n H, --> (-CH2-)_  + n H,0
Thus the net reaction is

CO, + 4 H, --> CH, + 2 H,0 0Gg,, = -11.527 Kcal/mole.

Vhile the methanation reaction is thermodynamically favored, the reverse
shift reaction is not, as indicated by the :stimated Gibb’s free energies at
360°C (the usual permeation temperature for filling targets). Nevertheless,
the enormous excess of hydrogen (usually 2 to 100 atm for ICF targets) is
expected to favor the hydrogenation of CO, to methane.

Despite the favorable thermodynamics, gas phase methanation has a signi-
ficant kinetic barrier. Commercial practice requires the use of a catalyst
to achieve anceptable methanation rates.?'3'% For example, a stoichiometric
mixture of reactants at 1 atm will reach 90X oi reaction equilibrium in 8
hours when catalyzed by nickel.’ Without a catalyst, this reaction will not
proceed to any measurable extent in the 72-120 hours that is usually required
to fill a glass target, despite the large excess of hydrogen. Ionizing radi-
at:on can also activate reactions such as methanation by producing excited,
more reactive intermediates from the reactants. We have studied the reac
tivity of the resijual blowing gases in the presence of D,, DT, and T, (DT
and T, produce B particles). This note summarizes our preliminarv results.
EXPERIMENTAL PROCEDURE

About 2 ml. of alkali silicate glass shells wvere filled with 20 atm of
D,, DT, or T, at 360°C. The initial hydrogen isotope/CO, mole ratio was

greater than 65, and the permeation fill lasted 3 days. Subsequently, the
snells vere evacuated of hydrogen by permeation at the same tempuorature over
a period of at least 2 days. Thus the minimum contact time at 360°C was 3
days. The residual gases in the shells were analyzed hefore and atter the
fill by mass spectrometry. The residual gases in as made shells consisted of
>95X C0,, with the balance being N,. Oxygen wvas presumed to be prevent in
quantities similar to N,, but could not be quantitatively determined by ow

mass spectrometert .



DISCUSSION OF RESULYS

The results of the experiments are summarized in Table 1. Reaction with

a large excess of D, reduced more than 95X of the CO, to CO; no methane or
higher hydrocarbons wvere detected. Reaction with a similar quantity of DT
ylelded a similar extent of conversion of CO,. In this case, hovever, the
product mixture consisted of about 60X CO, 40X isotopically mixed methanes,
and trace quantities of ethylene and ethane. Keaction with the same concen-
tration of tritium, which prcduces twice the @ flux as DT, ylelded about 90X
conversion of CO,. 1In this case, the product distribution consisted of 40X
CO0, 53X nmethane, and 7X ethylene and ethane. No effort wvas made to analyze
for polymer formation. Water, a major product of these reactions, was not
detected in the final product mixtv.-es in any of the reactions. The reac:ion
temperatuces and contact times were sufficient to permit all of the water to
permeate out of the glass shells.

The nearly complete hydrogenation of CO, to CO by D2 indicates that the
reverse shift reaction Is fast relative to the times required for permeation
of D, into the glass shells. The absence of any methane in the reaction
product indicates that the methanation rate is slow in the absence of a cata-
lyst or radiolysis, despit+ the large excess of hydrogen.

Carbon dioxide hydrogei.ation by DT and T, vas nearly complete, but pro-
duced mixtures of CO and hydrocarbons. Furthermore, wvhen the B flux wvas
doubled (by using T, instead of DT) at constant hydrogen pressure, the hydro-
carbon selectivity increased by almost 70X%X. The hydrocarbon selectivity can
te defined as the moles of CO, consumed in producing hydrocarbons. Doubling
the B flux also increased the yield of ethane and ethylene, vwhich are
Fischer -Tropsch synthesis products, from <1%X to 7X. The fast rate of the
reverse shift reaction observed tor D, and the effect of B radiation on the
methanation and Fischer-Tropsch synthesis reactions suggest that C0, hydio
genation proceeds through a fast reverse shift step, folluwed by a rate
limiting methanation step. Furtheimore, the Fischer Tropsch synthesis te
action appears to be tavorad by B radlation.

Beattie® " and Douglas’ also studied the etfect ot B radiation on caibon
oxlde hydrogenation. The kinetics were deteimined tor reactant pressuies

less than 1 atm, and tor T,/CO, ratios rvanging from 15 to 100. Fo Co, hy

14t



drogenation, Beattie reported that reaction equilibrium was reached in 2 to 4
veeks. Vater and CH, were the principal products with miaor amounts of
co(2%), C,H,{3X), and a polymeric material that was probably a hydrocarbon.’
The products of CO hydrogenaticn were H,0, CH,, CO, and a polymer that was
probably paraformaldehyde.® Studies tv Douglas also identified H,0 and CO,,
along with acetaldehyde, glycol, glyoxal and paraformaldhyde as CO hydrogen-
ation products.’
CONCLUSIONS

The results of this work indicate that the residual C0, in glass ICF
targets can be hydrogenated to lower-Z species during the permeation filling
of the glass shells. Deuterium reduces CO, to CO, while DT or T, reduce CO,
to a mixture of CO and hydrocarbons. Water, a major byproduct of these re-
actions, is lost by out permeation. Evidently, B radiation facilitates the
complete hydrogenation of CO,. Future work will determine the catalytic
activity of the conventional ICF glass shell surfaces, and shell surfaces of
glasses that have been doped with transition metals. In addition, we plan to
determine the kinetics of these reactions and the eftects of B (from both
tritium and external sources), gamma, and possibly RF radiation on the reac-

tion rates and product distributions.

Table 1. Residual CO, in glass shells are completely reduced by D, to CO; B
radiation facilitates the further recuction to hydrocarbons.

Extent of Reaction Product Distrihution
Fill Gas ___of co, O CH_  CH,
D, >95% 100X 0 0
DT 295% 60X 40X <1%
T, >90% 40% 53% I 4

NOTE: No D,0, DTO, or T,0 was found in above analysis. At the reactiun tem
peratures of 360°(, H,0 is expected to be lost by permeation through
the glass.
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MEASUREMENT OF GLASS SHELL BUCKLING STRENGTH
USING A PIEZOELECTRIC FILM SENSOR

by

B,

Roger G. Schneggenburger, Loretta A. Loughrey
David A. Butkiewicz, and Kathlyn A. Bandy

The importance of glass shell strength becomes clear when one attempts to
fill 100 carefully characterized, *thin wall glass shells with a high pressure
of fuel gas. Unless care is exercized in controlling the driving pressure,
many of the shells will break, wasting the time and effort of characteriza-
tion and losing valuable shells.

KMS Fusion has pursued sheli strength studies for over ten years. VWe
have learned that vhen glass shel s fail from excess stress (both compressive
and tensile), they emit a pressure pulse. Filled shells, for example, when
removed from the pressurization chamber, can be heard popping from across a
room, if filled to a pressure beyond the strength of the glass walls to con-
tain it. This pressuve pulse provides a signal for detecting failure during
testing.

Recently Pennwvalt Corporation has advertised a new piezo-and pyro-elec
tric material it calls KYNAR®, a thin {ilm made of polyvirylidene fluoride.
This material has unusvally nigh piezoelectric response, n d seemed a good
candidate sensor to detect the buckling collapse of glass shells.
EXPERIMENTAL

A pressure chamber was constructed by wvelding high pressure tlanges, with
pressure feed-thrus to each end of a 9 cm x 2.5 cm (0OD) plece of stainless
steel tubing (see Fig. 1). Appropriate valves, tubing, and a pressure gauge
vere connected to one flange to bring nitrogen gas to the test chamber and to
accurately read the pressure, up to 100 atm.

A small plece of KYNAR® film, 1 cm x 2 cm, was attached to the electiic
feed -thru in the other flange, to which were also attached leads to a digital
storage oscilloscope. The steel pressure chamber was carefully grounded
during experiments to prevent noise in the oscilloscope trace.

To run a strength test, one flange ot the pre.sure chanber wis 1emoved
and a me'al slide, holding a glass shell for testing, was inserted into the

chamber . The shell had been catefully characterized for 0D and wall thick



ness, and was held in place on a small piece of double sticky cellophane
tape. The flange was replaced, and pressure in the chamber slowly increased
until a sharp vertical line appeared in the socilloscope trace, indicating
the shell had collapsed. The system pressure was recorded, pressure vented,
and the cycle repeated vith another shell.

All tests were run at room temperature. Placement of the shells in the
chamber was varied; the largest signal was produced when the shell was a
short distance from the film. At least S50 shells were measured in this man-
ner for each batch tested.

RESULTS

2
For each shell collapse pressure was plotted against (gﬁ) in

accordance with the equation for buckling strength,
o . __8E , _)2
3(1-3V) 0D

vhere

P - pressure at whic» the shell collapses

E <« Young’s modulus

v = Polsson’s tatio (0.21 ftor glass)

v =~ shell wall thickness, in um

0D - shell outside diameter, in um

The slope of the best straight line through the data yielded a value
of Young’s modulus for the batch of shells tested, as shown in Fig. 7.

This data is much less scattered than previous data wve have collected
on buckling strength tests, due to the more precise measurement of break
ing pressure. The KYNAR® sensnor provides a strong signal, {t is a strong,
flexible material, easy to use, and is inexpensive, One disadvantage,
hovever, ix its low melting point (-180"C), which prevents its use in

<trength tests at elevated temperature:,
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CRYOGENIC MECHANICAL CHARACTERIZATION OF LOW-DENSITY POLYMERIC FOAMS
BEING DEVELOPED FOR DIRECT-DRIVE LASER ICF TARGETS*(UNC)

Clarence Thomas, Jr., D. Lynn James, Stephan A. Letts,
and Steven C. Mance

University of California
Lawrence Livermore National Laboratory
P. 0. Box 5508, Livermore, CA 94550

INTRODUCTION

It 1is extremely 1important that we measure the Low Temperature
Coefficient of Thermal Expansion (LTCTE) of various foams presently being
developed for ICF targets. We must characterize the thermal expansion
behavior of foam materials at cryogenic temperature because the foams will
be preparea in a nominal room temperature environment and then cooled to
approximately 20 K for filling with 1iquid DT.

EXPERIMENTAL GOAL

Our goal was to characterize the dimensional change of foams over a
range of 300 to 15 K. This experiment was accomplished by utilizing a
Perkin-Elmer TMS-2 Thermomechanical Analysis System which was originally
designed to operate from 400 to 90 K while observing the dynamic mecnanical
behavior of a test specimen as a function of temperature, frequency, and
stress modulation. After modifying this system for Jower temporature
operation, we were able to characterize the absolute contraction or
expansion of five foams. The dynamic mechanical behavior of foams as a
function of cryogenic temperaturi. will not be included here.

EXPERIMENTAL SYSTEM MODIFICATIONS
Our modifications to the existing system included extending the
terperature range to 1% K, and installing a non-contact length-sensing

transducer into the mechanical ¢ircult which is approximately 100 times more

*Work performed under the aosplees of the U, S, Department of Energy by the
Lawrenc e [ivermore Natlonal Laboratory under contrvact number W 7405 ENG A8



sensitive than the original system (see Fig. 1 for a photograph of the LTCTE
System). The operating temperature of the system was extended to 15K by the
design and fabrication of a new crycstat with feedback temperature and
cryogen flow control capability (see Fig. 2 for a logic diagram of the
improved system). The sensitivity of the length sensing transducer was
improved by substituting an eddy current transducer for the existing LVDT.
This new transducer was determined to have a sensitivity of 1 micron.

EXPERIMENTAL TEST SYSTEM
Specimen length changes and temperature are recorded on a x-y plotter as

well as on a H.P. 9836 computer which incorporates a temperature measurement
feedback loop and also controls the cryogen flow. This system can be
operated in two different modes: static length measurement as a function of
“emperature, or dynamic mechanical spectroscopy. In the static measurement
mode, a constant load force is applied to the sample specimen and the length
changes are recorded as a function of temperature. In the dynamic range
stress can be selectively imposed via a linear electromagnet and is driven
by the control unit 1in either squarc-wave, ov sinusiodal! form with
selectable modulation frequency usable in the ranges from 0.0l to 10.0 herz
for the observation of the dynamic mechanical behavior. These length
changes are also recorded as a function of temperature.

EXPERIMENTAL DATA

Our first series of experiments involved measurements of the thermal
contraction in the tempurature range of 300 to 15 K. The foams were
prepared by vibratoming samples into roctangular prisms with dimensions of

5x5x7.5 mm. The  low-density foams tested were polystyrene (PS),
resorcinol-formaldehyde (RF), carbonized resorcinol-formaldehyde (CRI),
cellulose acetate (CA), and silica aerogel. The fractional dimenstonal

change or percent of linear shrinkage or expansion as a function of
temperature s shown in Fig. 3. The contraction of PS foam to 1% K was
measured to be 1.4%.  We measured exactly the same behavior on samples of
full density PS which were used for iInitial calibration tests of the

system,  Literature values of the thermal contraction of PSS ave lloted as



1.5%. CA and RF foams have very similar thermal contraction behavior with
values of 0.6 and 0.55% respectively. Both silica uerogel and CRF expand on
cooling by 0.1 and 0.15% respectively. The expansion of materials having a
plate morphology, such as polyethylene, on coocling has been observed
before. The overall volume of the material drops with temperature, however,
the dimensions of the material do not change uniformly. The material
contracts strongly in the thin dimension of the plate. This strong
contraction causes the length dimension to actually increase.

OBSERVATIONS

We have noted contraction excursions in both the Cki and the aerogel
foams during subsequent warm-ups after cooling to 15 K. These excursions
appear to be caused by adsorption phenomena which we have eliminated by
annealing the test specimen under ultrahigh vacuum at 120°C for 46 hours
prior to LTCTE experiments. For the purpose of target construction it would
be desirable to have nu thermal contraction, however, having accurate
measurements of the contraction/cxpansion allows uc to predict the final
dimensions. From these results, we can conclude that the CRF foams are
potentially superior to FS in this respect. Targets can probahly be
successfully made from PS foams, but the larger thermal contraction may mean
stgnificant challenges for the target design.
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Experimental Data
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DRYING STUDIES ON INVERSE-EMULSION POLYSTYRENE FOAMS*(UNC)
George F. Overturf III

University of California
Lawrence Livermore National Laboratory
P. 0. Box 5508, Livermore, CA 94550

NTR TION

Polystyrene (PS) foams are being developed as candidate materials for
direct-drive ICF tarqets. We are using an inverse-emulsion system originally
developed by Unilever Research Laboratory.] A water-in-oil (w/0)
high-internal-phase emulsion (HIPE) is made by using a surfactant such as
sorbitan monooleate (Span 80) and a w/o ratio of 90/10 to 95/5. The ofl
phase is a 50:50 mixture of styrene »d divinylbenzene (DVB) monomers, and
the surfactant 1s usually 20wt% of the oifl phase. The DVB is added to
increase the strength of the fuam through crosslinking. The water phas»
contains sodium persulfate as a thermal polymerization initiator.

Once a PS emulcion has polymerized, the water must be removed from the
foam structure by drying in a vacuum oven to produce the void space within
the foam. It 1s desirable to remove the water as rapidly as possible
without damaging the foam. The drying rate may also reveal something about
the structure of the foam. HWe have found that the water will rust out the
mechanical vacuum pumps normally used on the ovens. To solve this problem,
a new type of vacuum pump which works on a ventur! principle was selected
because 1t would pass the water without any harmful effects. The mechanical
pumps would evacuate an empty chamber to a base pressure of approximateiv
50 mTorr, but the base pressure for the new pump was approximately 7 icrr,
There was concern that the rate of drving would decrease, thus slowing the
production rate of PS foams, but initial comparisons between the two pumps
ylelded similar drying rates. This prompted a study to determine the
mechanisms of the drying process and to see if {ts efficiency could be

*Work performed under the auspices of the U. S. Department of Fnergy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
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improved by changing the temperature and pressure.

In order to meisure the rate of water removal with time, an electronic
balance with a remote display unit was place inside a vacuum oven. The
remote display unit had an RS-232 output which was fed to a computer for
data legging. Logging increments were typically 10 min.

The oil portion of the PS emulsions used for this experiment consisted
of 42wt% styrene, 42wt® DVB, and 16wt% sorbitan monooleate. The samples
were emulsified wusing a counter-rotating mixer. The densities were
approximately 80 mg/cm3. The emulsions were polymerized in a 50 ml
plastic syringe. Polymerizatio) was carried out in an oven at 50°C for 24 h.
After polymerization, the container was sectioned using a band saw, leaving
cylindrical sections which were 0.5 or 1.0 cm thick with the sides still
enclosed in plastic. The samples were placed in the vacuum chamber on the
zerned balance, data logging was initiated, and the vacuum pump was
activated.

Simply viewing the data as weight versus time ylelds a declining curve
which yields little information or the mechanisms that drive the drying
process, but one can determine the total amount of time it took to dry the
sample. When looking at the rate of drying versus time, i1t becomes apparent
that there is initially a sharp increase in the drying rate due to the
evaporation of surface water. The balance of the drying process 1is
relatively slow. The inconsistencies in producing the samples caused slight
variations in length which do not affect the area through which evaporation
occurs, but do increase the volume of water removed. Since this determines
the amount of time to ¢ mplete the drying process, and the purpose of the
experiment was to compare the rates of drying, it was decided to normalize
the volume of water by looking at the drying rate as a function of the ratio
of the weight of water to that of dry foam. Since all of the samples were
made to the sawme bulk density, the ratio of water to polystyrene foam is
constant, and the drying rates can be compared. Figure | shows the results
of three runsy plotted in this manner.

The first run was made with the oven at amblent temperature and the
venturi pump achieving ¢ base pressure of 8 Tore.  The second run was also

at ambient temperatuce but with a mechanical pump which achieved 200 mlory.
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There is very little difference in the two rates, and the total drying time
for both was approximately 8 d. The third run was with the venturi pump but
with the oven at 50°C. In this case, the rate of drying has roughly
doubled, and the samples dried in about 4 d.

The increase in drying rate with temperature is to be expected, due to
the increase in the rate of evaporation of water, but the lack of any
pressure effect was somewhat surprising. 1In order to get more information
about the process, the experimental set-up was modified. A vacuum
transducer was attached to the oven so that pressure could also be logged
with each weight reading. The internal temperature of the foam sample was
measured and logged to determine the amount of temperature drop due to the
heat loss from vaporization.

The emulsion formula and method «f preparation were the same as for the
previous experiments, but the emulsion was cast in a 250 ml Nalgene
container with 30 gauge type J thermocouples arranged so that the junction
was in the middle and the 1leads separately exited through small holes
drilled on opposite sides of the container. Each sample had three
thermocouples which were spaced top to bottom so that one was in the center
and the other two were 0.5 cm and 1.0 cm in from their respective surfaces.
Polymerization was performed as before, and the container was sectioned into
a plastic-encapsulated cylinders roughly 3 cm long with two exposed faces
6 cm in diameter. The samples were placed in the vacuum chamber on the
zeroed balance, and a fourth thermocouple was placed so that it touched the
center of the surface of one end of the sample. Data logging was initiated
and the vacuum pump was activated.

The results of three runs made with this system are shown in Fig. 2. It
is clear that the shape of the curves has changed somewhat with these larger
samples. The effect of increasing temperature is again observed. In order
to test the effect of increasing the flow through the vacuum oven, a sample
was run where a dry nitrogei gas feed was attached through a needle valve to
the drying oven, which raised the base pressure from 8 lorr to 11 Torr.
this did tncrease the drying rate, although not as much as increasing the
temperature, and the sample dried in 2.5 d.

More informatinn can be obtained when the sample core temperature i

160



observed versus moisture content as shown in Fig. 3. 1In the beginning the
water/foam ratio is a little over eleven to one and still at a slightly
elevated temperature from having just been taken out of the polymerization
oven. After the vacuum pump is turned on and the water beqgins to evaporate,
temperature throughout the sample drops sharply due to the loss of heat
requived to vaporize the water. The temperature remains depressed until
nearly 80% of the water is removed, which occurs in only about half of the
total drying time. At this point the temperature begins to rise from the
outer regions of the sample towards the center.

In the case of the sample with the nitrogen purge, the internal
temperatures dropped below 0°C, indicating that the water may have frozen.
If this is the case, it will be necessary to determire whether this has any
deleterious eoffects on foam structure. In a pra2liminary experiment on
another vacuun oven system, SEM analysis showed no changes, but this needs
to be confirmed.

These femperature measurements and preliminary X-ray radiography
experiments on partially dried foams suggest that the water surface is
moving from the outside of the foam to the center. Our noxt step is to
develcp a model of the drying process which explains all of this data.

REFERENCES

Y. Urilever Research Laboratory, Emulsion Process for Makirg _Foams,
Eurcpean Patent 60138 (Sept. 3, 1982).
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CURRENT DEVELOPMENTS IN PVA COATING
OF POLYMER MICROSHELLS

Kenneth J. King

University of California
Lawrence Livermore National Laboratory
P. 0. Box 5508, Livermora, CA 94550

ABSTRACT

Some of the targets shot in the Nova Laser use a polymer microshell
mandrel coated with a PVA (polyvinyl alcohol) gas retention layer and a CH
ablator layer. The PVA coating is formed in a separate process from the CH
coating. A number of design changes have been made to the existing PVA
shell handling and coating equipment. These changes have resulted 1in
simplified and faster shell handling; increased ylelds; pruven versatility
of the system; and, greater accuracy of trace gases in the coated shells.

INTRODUCTION

New target specirvications and reseaich toward increased nroductivity
have brought about changes in the original equipment developed for PVA
coating of microshells.

Scort

This paper is an introduction to the equipment in use for PVA coating of
polymer microshells at LLNL. It 1s an abridged version of the poster
sesston of the same title presented at the 1988 Target Speclialists' Meeting
In Los Alamos, New Mexico. For additional information about the PVA coating
system in use at (INL the following paper by this author {5 recommended for
further reading: FABRICATION AND OQPERATING OF A SYSTEM FOR THL PVA COATING
OF POLYMER MICROSHELLS WITH TRACE GAS FILL.

*Hork performed under the auspices of the U. S. Department of Energy by the
lawrence [ivermore Natlonal Laboratory under contra.t number W 74045 NG AK.



I.

Simplified and Faster Shell Handling:
A. Shell Dispersing tquipment
When the plastic microshells are produced in the drop tower they
are collected in a 6 inch diameter petri dish. Features of a petri dish
full of plastic sheils are:
1. The shells have a very strong static change which makes them
difficult to move arournd and separate one from the other and
from the petri dish.

2. They often are clumped together in large numbers and are
difficult to separate due to the static charge.
3. They are often interspersed with microshells of a diameter

other than the desired diameter. The shells of different
diameters are often small enough to cause problems with PVA
coating if they are processed along with the shells of the
correct diameter.

To prepare the shells for PVA processing an acrylic plastic tube is
placed over the petri dish. Some of the shells are blown out of the
petri dish onto the walls of the plastic tube using a small diameter
polyethylene hose i..d house air at a regulator pressure of less than 1/
psi. The plastic tube is then placed onto a flat plate from which the
shells are collected for processing. The shells are blown off the walls
of the plastic tube onto the flat place. This process allows the shells
to be rapidly separated for processing without damaging them or
introducing foreign matter on the surface of the shells.

B. Pickup tool system (Figurcs 1 and 2)

The microshells are prepared for PVA coating by vacuuming them into
glass capiliaries (micropipeties) which are 5 finches (125 mm) long and
(for 425 micron o.d. shells) have an {1.d. of 570 microns.
Characteristics of working with the micropipettes are:

1, They are rather fraqile.

2. The operatoc aust maintain the micropipette with a steady hand

for extended pertods of time (minimum of 30 minutes for o

caplitlaries).
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3. During this time the operator must be able to move the
capillary diagonally 800 microns minimum (approximately 1,800
times for 6 capiliaries) to keep from crushing shells or
vacuuming up unwanted shells while moving to new locaticns on
the shell collection dish.

A semi-automated system was developed for the shell pickup
process. The system greatly reduces the tedium and strain previously
associated with picking up shells; reduces waste, and, increases
reliability and speed.

Increasev rields
When the microshells are injected into the drop tower for drying an
interplay of events affects the yield per run (Fig. 3). Studics were
made to characterize these events and increase the yield and reliability
of the column. The events studied vere:
1. Shroud location in injec.or.
Capillary location in shroud.
Speed of flow of sheils out of capiliary.
Cleanliness of shroud.
Dampness of saturator wick.
Flowneter setting on stripping gas.
Temperature of PVA bath.
Flowmeter settings for column gas inflow and outflow.

T oo~ s W N

Column tempevatures.

Results: The column 1{s now 100% reliable with a 5L increase in
yiold. The main feature 15 the 100% reliability. It {is much easier to
schedule a PVA run with confidence that there will be product from the
run to meet programmatic needs.

Versatility of the Svstem
Changinmg target specifications required an expanston of the sizes
of shells coated with PVA solution and changes in the quality of the PVA

coatings.

A Coating shelly of varying diameters:

V6
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1. The glass capillaries into which the shells are gathered were
studied. Shel! diameter to required micropipette diameter was
characterized.

2. The procedure for handling the capillaries was modified to
handle the various shell diameters.

3. The column characterization elements were studied and modified
to accept the changes in shell diameter.

Results: 300-700 micron diameter shells are now processed.

Doping the PVA solution:

Trace amounts of LiCl were added te the PVA solution. The
resultant sclution was successfully coated on the polymer microshells.
No major changes to equipment or procedure were required for this
function.

Greater Accuracy of Trace Gases in the Coated Shells.

After the microshells are in the glass capillaries the shells are
coated with PVA solution. Before the <hells are coated atmospheric
gases are evacvated and are replaced with precise amounts of trace gases
(using a differential pressure gauge).

The key elements to this function are:

1. Without the PVA solution coating on the snhells all gases
diffuse through the polymer shells almost instantly.
2. Het PVA solution appears to provide the barrier needed to stop

the instantaneous diffustor of gases through the shells.

In order to contvol the gases that are inside th? shells at the
instant the shells are coated with PVA solution a vacuum cocting chamber
was designed (F'g. 4). The vacuum chamber 1s evacuated; the precise
amount of trace gas Is flowed Into the chamber; to keep the PVA solutton
from boiling the chamber is filled to 3.00 pst bhelow atmosphere with

0.,: and, the PVA soiutton ts flowed into each capillary.
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METROLOGY ADVANCEMENTS IN TARGET ASSEMBLY*
Marita Spragge, Daniel Donovan and Dean Harms

University of California
Lawrence Livermore National Laboratory
P. O. Box 5508, Livermore, CA 94550

The success of laser fusion experiments depends a great deal upon the
degree to which assembly tolerances are achieved. Accurate means of
meauring target components and their placement is therefore critical.

In the past, target measurements were accomplished by first calibrating
a reticle in the microscope eyepiece to determine the number of microns per
division on the reticle. The part to be measured was placed under the
microscope and reticle divisions were counted. This worked reasonably well
at high magnification where the number of microns per division was small,
but was much more inaccurate on low magnification where one division could
equal eighty microns. The first improvement to our metvology came with the
acquisition of the Unitron meas.-ing microscope (Fig. 1).

Rith the Unitron, targets or target parts were measured by manually
moving the stage in the X and/or Y direction and reading the digital
displays. It was not, however, designed to measure angles and, therefore
was not able to complete the metrology required on many of the targets.

A Nikon optical comparator with digital displays (Fig. 2) was the next
addition to our metrology tools. It had a vernier around the screen so that
angular measurements could be taken. The stage was modified to allow a
target, in its base, to be placed below the normal ievel of the stage in
order to have enough travel in the Z direction. HWith this modification,
measurement of all dimensions and angles was possible. However, because the
Nikon 1s a shadowgraph there were problems defining features on the top
surfaces of targets. The Nikon was the primary metrology tool in target
assembly until arrival of the Powellscope (+ig. 3.).

*Work performed under the ausploes of the U.S. Depoartment of tnergy by the
Lawrence Livermore National Laboratory under contract number W 740% ENt 48,



The Powellscope was designed by Roy Powell of the Atomic HKeapons
Establishment (AWE) in Aldermaston, England. It was assemuled in England
and brought to Lawrence Livermore National Laboratory to aid the AWE
personnel in the metrology of their targets which were being shot in Nova.
The Powellscope system consists of Klinger components with pushbutton
controls, digital displays and a motorized target base manipulator with
X,Y,Z and rotational capabilities. Linear dimensions are measured to one
micron accuracy. Angles are measured to a hundredth of a degree. The
forty-five degree inspection scope has a manual focus, a manual zoom and
camera back. This system allows the target to be viewed from the same
perspectives as any of Nova's laser beams or target chamber diagnostics
(Fig. 4). The Powellscope 1is the primary metrology tool in wuse at
Livermmore today.
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FORMATION OF SPHERICAL-SHELL SiO; AEROGEL PELLETS
BY A SOL-GEL METHOD

BY

N. K. KIM, R. F. FALKNER, K. KIM, D. M. MILLAR, AND D. A, PAYNE
FUSION TECHNOLOGY LABORATORY
UNIVERSITY OF ILLINOIS
URBANA, II. 61801

AND

R. S. UPADHYE
LAWRENCE LIVERMORE NATIONAL LABORATORY
LIVERMORE, CA 94550

ABSTRACT

A SYSTEM WAS DESIGNED TO PRODUCE HOLLOW Si(), SPHERES BY
CONTROLI ELU HYDROLYSIS AND CONDENSATION REACTIONS OF
TETRAETHYLORTHOSILICATE (TEOS). IN THIS SYSTEM, AN ACIDIC
SOLUTION OF TEOS, WATER, ETHANOL (SOLVENT), AND NITRIC ACID
(CATAL..ST) WAS ALLOWED TO FLLOW THROUGH A TAPERED PYREX TUBRBE
(OUTER NOZZLE) WHICH CONTAINED A  COAXIALLY-MOUNTED
HYPODERMIC NEEDLE (INNER NOZZLE). PASSAGE OF Ny/NH,THROUGH
THE INNER NOZZLE FORMED HOLLOW DROPS AT THE TIP OF THE PYREX
TURE., THE DROPS WERE LEVITATED IN A BASIC ATMOSPHERE AND
CONSEQUENTLY CONDENSED TO FORM POROUS HOLLOW SPHERENS.

WORK SUPPORTED BY THE UNITED STATESN DEPARTMENT OF ENERGY
UNDER LLNL SUBCONTRACT # 4180408
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INTRODUCTION

A SYSTEM 1S UNDER DEVELOPMENT FOPF THE
FABRICATION OF HOLLOW SILICA (SiO32) AEFEROGEL
SPHERES BY HYDROLYSIS AND CONDENSATION REACTIONS

OF TETRAETHYLORTHOSILICATE (TEOS). AN ALKOXIDE
SOLUTION OF TEOS, WATER (H,0), ETHANOL (EtOH), AND

NITRIC ACID (HNQO3) WAS ALLOWED TC FLOW THROUGH AN
OUTER NOZZILE OF A DUAL-NOZZLE SYSTEM, AND A BASIC
GAS MIXTURE (i.e., N2/NH3) WAS PASSED THROUGH A
COAXIALLY-MOUNTED INNER NOZZLE TO FACILITATE
GELATION AND SPHERICAIL SHELIL FORMATION, THUS
PRODUCING A CONTINUOUS STREAM OF HOLLOW
SPHERICAIL DROPS.

IN THE PRESENT STUDY THE HOLLOW DROPS WERE
LEVITATED IN A BASIC AMMONIA ATMOSPHERE BY
COUNTER-BALANCING GRAVITY-FALL WITH A FORCED
UPWARD GAS STREAM. THE BASIC ATMOSPHERE
ACCELERATEED THE CONDENSATION AND GELATION
REACTIONS THEREBY REDUCING THE POSSIBILITY OF ANY
DROP DEFORMATION THAT MIGHT OCCUR FROM CONTACT
WITH FOREIGN OBJECTS WHILE THE DROPS WERE IN A
NON-RIGID STATE.

SO AS TO INVESTIGATE THe EFFECT OF VARIOUS
PARAMETERS ON THE GELATION PROCESS A DETAILLED
STURY WAS CARRIED QUT ONTHE DEPENDENCE OF TIMIC'TO
GELATION AS A FUNCTION OF COMPOSITTION IN THE TEON-
FtOH-T1,0 SYSTIENM.
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OBJECTIVE

TO DEVELOP PROCESSING METHODS FOR THE
FABRICATION OF HOLLOW SiO; AEROGEL SPHERES, AND

THE CONTROL OF THEIR PROPERTIES FOR I F TARGET
APPLICATIONS

CHEMICAL REACTIONS

HYDROLYSIS
| |

_Si~OEt +  H,0 o> Si—OH  + KON
| |

CONDENSATION
I l ! I

~Si~0OH + HO Si- e St O Si 4+ 1,0

| | l |
St OH v Eto S SSi 0 Si + EOH



APPARATUS

SCHEMATIC DIAGRAM FOR THE GENERATION OF
HOLLOW DROPS
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DETAILED SCHEMATIC OF THE DUAL-NOZZLE SYSTEM
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RESULTS

GENERATION OF HOLLOW DROPS




RESULTS

GENERATION OF HOLLOW DROPS
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TIME TO GELATION FOR SELECTED COMPOSITIONS IN
THE TEOS-EtOH-H20 SYSTEM

102
L = T S 103
SLoAT T TIME AT DH = 2
104
SETER CTNTACT WITH NHgOH & \
o' \
122 @4
® 0 s Q_, 23
. 132 @124
@& 0-! ® 139 \_.
. D134 .
© 13 ueeoe
® 39 143 14a
[ 351
t.0, CIIMPIDISTTININ 1073,
TS i U}HlH;,H sl
(molar raotio)
LT VUL UME b

SHORTEST TiME TO GELATION WAS ACHIEVED AT A
COMPOSITION OF TEOS : KtOH : H20 =1:0: 4,
NOTICE THAT F1OH WAS NO'T REQUIRED IN THIS CCASE.
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SUMMARY

A CONTINUOUS STREAM OF UNIFORM HOLLOW DROPS
OF TEOS SOLUTION WAS PREPARED USING A DUAL-

NOZZLE SYSTEM.

INSTANTANEOUS GELATIO ! WAS ACHIEVED AT

SEVERAL COMPOSITIONS. THE COMPOSITION FOR THE
SHORTEST TIME TO GELATION WAS DETERMINED TO BF
TEOS : EtOH : HO =1:0:4 AT pH = 2.

HYDROLYSIS OF TEOS SOLUTION CAN OCCUR EVEN
WITHOUT THE ADDITION OF E£OH (AS A MUTUAL
SOLVENT FOR TEOS AND H,0), DUE TO THE SELF-
GENERATED EtOH THAT IS A BY-PRODUCT OF THE
REACTION,



WORK IN PROGRESS

INVESTIGATION AND OPTIMIZATION OF PROCESS
PARAMETERS WHICH CONTROL THE PREPARATION AND
PROPERTIES OF HOLLOW SiO; AEROGEL SPHERES :

« SIZE OF THE INNER AND OUTER NOZZLES, AND THEIR
RELATIVE POSITIONS

«  COMPOSITION, TEMPERATURE, pH, AND VISCOSITY
OF THE ALKOXIDE SOLUTION

« FLOW RATE OF THE ALKOXIDE SOLUTION AND THE
BASIC GAS

« COMPOSITION OF THE FLOW GAS (e.g., RATIO BETWEEN
N> AND NHj3)

TEMPERATURE OF THE GELATION CHAMBER
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LOW-DENSITY CELLULOSE ACETATE FOAMS FOR DIRECT-DRIVE
LASER ICF TARGETS*(UNC)

Chuck Chen

University of California
Lawrence Livermore National Laboratory
P. 0. Box 5508, Livermore, CA 94550

INTRODUCTION

Cellulose acetate (CA) foams hold promise for direct-drive ICF targets
because of their extremely small! cell size, which appears to te in the range
of 0.1-1 um. We began our development of CA foams in 1987 and are making
good quality foams with densities of 40 to 50 mg/cm3 and cell sizes less
than 1 micron. The structure of the foam 1is determined by a phase
separation technique. The foams are machinable, appear to be moldable, and
wick liquid hydrogen. Gelling studies have been done to correlate the
cooling rate and composition to the structure and strength of the dried
foams. We have studied CA foams from gel concentrations of 2 to 15wt%. The
compressive moduli of the foams are on the order of 0.3 MPa to 28 MPa for 3
to 15wt% gelis respectively. The densities of the foams are predictable as a
function of gel concentration.

GEL PREPARATION

The foams are made by a phase separation technique, which is based on
the solubility beravior of CA in benzyl alcohol. At temperatures greater
than 45-50°C, CA has a very high solubility, but below 45°C the solubility
drops off sharply. This allows the foams to be made in the following
mannev. The CA is dissolved in benzyl alcohol at 110°C and cooled to 30 to
45°C, where gelation takes place. The cooling s done in a water bath a*
programmed rates of 20-35°C/h. A series of solvent exchanges from benzyl

alcohol to carbon dioxide is required to allow supercritical drying from

*Work performed under the ausplices of the U. S. Department of tnerqgy by the
Lawrenco Livermore National ' aborvatory under cortract number W 72405 ING- 48 .
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carbon dioxide. First, benzyl alcohol is exchanged for toluene, then the
toluene is exchanged for 1liquid carbon dioxide, and finally the carbon
dioxide is supercritically extracted. The entire process takes 5 to 7 days.

PROPERTIES

The densities of the CA foams range from .28 to 225 mg/cm3,
corresponding to gel concentrations of 2 to 15wt%t respectively. The
densities are higher than calculated due to some shrinkage resulting from
the drying process. A scanning electron micrograph of the foam structure is
shown in Fig. 1. It ds very difficult to evtract reliable structural
information because the resolution is poor. An accurate assessment of foam
structure will be made from a TEM study similar to the one done for RF
foams. The X-ray radiograph show. in Fig. 2 shows that the material is very
uniform. The compressive noduii of the foams range from 0.3 MPa for 3wtk
gels to 28 MPa for 15wt% gels BET suvtace area analysis yielded values of
600 to 800 m2/g. This e similar to the values for
resorcinol-formaldehyde and silira w«vrogel. Thoe coefficient of thermal
expansion of the foams hes beew weasured from 300 K to 20 K and was
determined to be 0.6% contractior.

Tritium expesure anc wicking tests are currently in progress.

ALTERNATE CHEMISTRIES

Other ceilulose esters were looked at to see if the wmechanital
properties would be improved. These have the basic cellulose structure,
Fig. 3, but have different types of esterification of the hydroxyls of the
ring. The materials used were cellulose triacetate (CTA) R, R' and R"
acetate, cellulose acetate butyrate (CAB) R =~ acetate, R' = butyrate, R" -
hydrogen, and cellulose propionate (CP) R = propionate, R' and R" =«
hyrdogen. All of these were prepared using the same method as the cellulose
acetate and behaved similarly except for some differences in physical
properties, mainly thelr solubility in bensy! alcohol. The P dissolved in
the benzyl alcohcl, but did not sepavate out when cooled.  The CIA and (A3
dissolved and phase separation occurred when they were ooled.  Those qgels

were processed and drioed to foams. A 3.8wi% gel of CIA yielded a foam with

K



a density of 80 mg/cm3

and a modulus of 0.56 MPa. The CTA foam seemed to
be more rigid to the touch than CA foams due to a larger percentage
crystallinity. CTA requires a higher temperature to dissolve ihan the other
cellulose esters and is more difficult to get into solution. The processing
of the CAB gel was the same as for CA and CTA through the solvent exchange
steps, but when the CAB gels were pressurized in the super critical
extractor with liquid carbon dioxide, the gels almost immediately collapsed,
making CAB unsuitable for foams made by this process. We do not currently
have an explanation for this behavior.

A solvent/non-solvent system 1is being investigated as an alternate
method that wuses a different solvent to dissolve the cellulose. The
cellulose acetate is dissolved in a solvent and then the solution is placed
in a permeable membrane container where the solvent is exchanged with a
non-solvent. The solvent and non-solvent used were acetone and methanol,
respectively. A gel i: formed by precipitation as the solvent is exchanged
with the non-solvent. The gel is then placed in methanol for a more
thorough exchange of the acetone, and finally the methanol is exchanged with
liquid carbon dioxide and the carbon dioxide is supercritically extracted.
This approach is still being evaluated.

VISCOSITY MEASUREMENTS AND COOLING RATE EFFECTS

Viscosity and cooling rate studies were made to determine the gelation
points of the CA/benzyl alcohol solution and to find an optimum cooling rate
to control foam morphology to improve mechanical strength. Measurements
were made of viscosity versus temperature as a function of time to determine
the gel point of the CA solution. The viscosities were measured with a
vibrating rod viscometer. Gels were prepared in 3 to 15wt% concentrations,
placed in a jacketed reaction vessel, and cooled from 90 to 20°C during 3,
10, anc 48 hour periods. Cooling rates were controlled by a refrige.ated
circulator bath and temperature programmer. Additional samples were placed
in the bath to be tooled at the same time as the viscosity sample so that
the gel point could be observed visually. figure 4 shows that all the
viscosities change at approximately the same rate, but have different

values. The gelation point is seen as a sharp increase in viscosity at
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temperatures ranging from 33 to 45°C depending on the gel concentration.
The gel point increases with increasing concentration as expected. The rise
in viscositv matches the observed gelation points of the solutions.

In Fig. 5, the densities of dried foams made from the gel samples are
shown as a function of gel concentration. The densities are very
reproducible and essentially independent of the cnoling rate. There is a
linear correlation between the densities and gel concentration. The 3wt%
foams were submitted for X-ray crystallography analysis. The analysis
indicated all the samples were amorphous, but we may need to use small angle
x-ray scattering (SAXS) to observeany crystalline junctions. There were no
observable differences in the structure of the 3wt%Z foams cooled at the
different rates.

THERMAL ANALYSIS

A comparison of differential scanning calorimetry (DSC) scans for the CA
starting materials and the dried foams showed no differences. This
indicates that there is no chemical change in the CA during the foam-making
process.

CONCLUSION

During our first year of making cellulose acetate foams we have produced
a promising material. The properties measured thus far indicate that it
could be a good candidate fcr a target foam. MWork will continue on
improving the formulation and processing methods and doing additional
testing of foam properties.



SEM of CA foam structure

Cellulose Acetaie




Radiographs show that cellulose acetate foams have
good uniformity characteristics T
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Cellulose Acetate gel points are
measured by viscometry

100,000 % .
% Weight %
o Cellulose Acetate
" (> e 2
vy ©
10,000{“ L'“z‘ v O O 5
A
v ooGel\ a 7
%8 Y, %, “>Solution v 10
% ° 2y OOOOO . o 1
® 1,000+ o A 'y TR,
% o o A Vvvvv o0 o
g o AAA YVvyy v 000 0¢
g o AAAAAAAAAA VVvvv'vv'
O 100 a %00 AAAB A M
o °2 500 Laallm
o)
D bo 000 @, °040n 0o 0o
10}
Temperature vs viscosity of Cellulose Acetate
90°C to 20°C in 3 hrs
1 | | i | |

. . L i }
20 25 30 35 40 45 50 55 60 65 70

Temperature (C)

02-32-0588-1211
AL 7253-0mee

Figure 4

i | I
75 80 85 90



The density of CA foams can be controlled by
adjusting the amount of CA in solution and is

independent of the cooling rate C
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THERMAL ANALYSIS OF LOW-DENSITY FOAMS FOR DIRECT-DRIVE
LASER ICF TARGETS*(UNC)

Steven R. Buckley

University of California
Lawrence Livermore National Laboratory
P. 0. Box 5508, Livermore, CA 94550

INTRODUCTION
Thermal analysis is an important tool in the development of low-density
polymer vtoams for direct-drive Laser ICF targets.] In this preliminary

study, we have assessed the thermal behavior of the foams and some cf the
starting materials and mixtures used to make them. We have investigated
melting points and thermal decomposition. Ultimately we hope to correlate
thermal behavior with other foam properties.

BACKGROUND

We are investigating three candidate foam materials for use as targets:
polystyrene (PS), resorcinol-formaldehyde (RF), and cellulose acetate (CA).
PS fcams are made from an inverse emulsion system using a syringe pump
mixing device. After polymerization of the emulsion, the foams are dried in
a vacuum oven. CA foams are made by a phase separation technique. The CA
is dissolved in benzyl alcohol at 110°C and then allowed to cool to 30-45°C
where gelation occurs. A series of solvent exchanges leading to
supercritical drying from carbon dioxide is then carried out. RF foams are
made from a condensation polymerization of resorcinol and formaldehyde at
low weight percent in aqueous solution. Sodium carbonate is used to adjust
the pH. After gel formation and curing, solvent exchanges and supercritical
drying are performed to produce the foam. We are also studying carbonized
RF foams (CRF), because carbonization at 1050°C dramatically improves the
mechanical strength of RF foams. Further details on the preparation and
properties of these foams may be found in Ref. 2 and Ref. 3.

*Work performed under the auspices of the U. S. Department of fnergy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
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EXPERTMENTAL
The thermal techniques wused in this study included thermogravimetric

analysis (TGA) and differential scanning calorimetry (DSC). A Perkin-Elmer
TGS-2 and a Perkin-Elmer DSC-4 were used. Data acquisition for TGA was
throvgh Perkin-Elmer Tadsoft, and Laboratory Microsystems software was used
for the DSC work. The TGA experiments were done under argon at a flow rate
of 20 cm3/min, while nitrogen at 5 cm3/min was used for DSC. Most
samples were run in open pans made of platinum foil for the TGA studies,
although in some cases they were sealed in stainless steel pans with pin
holes in the 1lids. For the DSC work, stainless steel pans were weighed,
baked in an oven, and reweighed before samples were inserted and the pans
sealed. Typically samples were scanned at heating rates of 5.0-20.0°C/min,
as this range was found to give good resolution of the weight loss onset
temperatures in TGA. In DSC experiments, 10.0°C/min was found to give the
best resolution of endothermic and exothermic peaks and ons2t temperatures.

Finished foam materials were scarned "as is". The starting materials
tested were obtained in the highest purity available from the manufacturer
and were used without further purification.

RESULTS AND DISCUSSION

Thermograms were obtained for two of the starting materials used in
making PS foams and are shown in Fig. 1. Sodium persulfate is used as the
polymerization initiator. We investigated its thermal stability to
determine how much of the material or its decomposition products would
remain at 1050°C, since we would potentially like to be able to carbonize PS
foams at that temperature. [igure 1a shows that approximately 38% of the
original weight of the sample remains at 540°C, and the thermogram does not
change above this temperature. This amount of material wouid therefore
remain after any carbonization. Figure 1b shows the thermogram of Span 80,
which 1s the surfactant used in making PS foams. The material begins to
decompose at approximately 150°C and is completely gone at around 440°C.
This thermogram corresponds well with one obtained from the manufacturer of
the surfactant.
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Figure 2 shows a thermogram for a low-density PS foam. Much of the
early weight loss is ascribable to decomposition or loss of the surfactant,
but at approximately 440°C, the rate of weight loss accelerates
substantially, indicating that the polymer is decomposing as weil. (The
surfactant constitutes about 17wt% of the foam.)

In Fig. 3, a comparison is made between the cellulose acetate starting
material and the low-density foam made from it. The thermograms are very
similar up to about 440°C, but above this temperature the foam seems to have
greater thermal stability. We do not currently have a good explanation for
this.

A study of the effect of carbonization of RF foams on thermal behavior
is shown in Fig. 4. As expected, the carbonized foam exhibits greater
thermal stability, since the volatile components have already been removed.
The shirp changes seen above 840°C are most likely artifacts introduced by
violent outgassing of the samples, and new sample preparation techniques are
being investigated.

Finally, we used DSC to assess the extent of moisture content remaining
in RF foams and the effect of curing on this moisture. Figure 5 shows tne
endotherm associated with water loss for three samples. Curve 1 shows a
greater water content in a sample taken from the skin of an RF foam when
compared to Curve 2, where the sample was taken from the core. In Curve 3,
the effect of vacuum oven curing at 90°C is seen as a substantial reduction
in the endotherm.

CONCLUSION

Thermal analysis has proved to be a valuable tool in assessing the
properties of low-density fcams and their starting materials. We have
obtained a considerable amount of information which now needs to be
interpreted in terms of foam properties and structure. We will continue to
use this technique to assess thermal stability, and we plan to interface the
TGA with our gas chromatograph and Fourier Transform infrared
spectrophotometer.
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DEVELOPMENT OF A DIE SYSTEM FOR MOLDING
TARGET PARTS FROM POLYSTYRENE*

Harold D. Kramer and Ravindra S. Upadhye

University of California
Lawrence Livermore National Laboratory
P. 0. Box 5508, Livermore, CA 94550

INTRODUCTION

Polystyrene 1is one of the materials under consideration for the
commercial ICF process. The required shot repetition rate for a commercial
facility is estimated to be of the order of 10 Hz. If machining is selected
to be the method of choice for making the hemishells, the number of
spherical surfaces needed to be machined per day will be well over three
million, which appears to be an impractical proposition. In this case,
molding presents an acceptable alternative. Although molding will not
eliminate the need for machining, the required machining will be limited to
the flat surfaces that will be bonded.

DEVELQPMENT QF APPARATUS

Molding of polystvrene foams for ICF targets Iimposes on u3s two
apparently conflicting requirements:

- The material being molded should have low viscosity, so that it can be
poured into the die without trapping air bubbles; and

- The emulsion being molded should be uniform, and have a small cell
stze. The way to satisfy this requirement is to mix the emulsion well,
which increases 1ts viscosity.

An immediate consequence of the above s that simple molding techniques,
proven to be wuseful for many systems, do not work in this case. A low
viscosity emulston, which filly the die readily without any alr bubbles on

the surface, vyields a high cell-size, nonuniform foam. A well formed

*Work performed under the ausplces of the U, S. Department of Enerqy by the
Lawrence Livermore National Laboratory under contract number W 7404% [ng 48.



emulsion, having relatively high viscosity, aimost always traps small air
bubbles near the surface if one tries to fill the die with it; injection
molding using flow-through di2s is also difficult because the high viscosity
of the emulsion requirec pressure drops well beyond those capable of
breaking, at least partially, the well-formed emulsion. Another, and more
far-reaching, consequence of this dilemma is that any attempts to separate
the 1issues of material processing (such as mixing the ingredients and
forming a uniform, low cell-size, emulsion) and fabrication (such as filling
the die while avoiding air bubbles) are not likely to be very rewarding.

This led us to the develcpment of an integrated prccessing/motding
scheme, wherein making and molding of the emulsion proceed simultaneously.
In this technique, the syringes (used in the syringe pump described in more
detail by Haendler et. al. earlier in this conference) are filled with the
desired amounts of aqueous phase (comprising water and initiator), and
organic phase (consisting of styrene, di-vinyl-benzene and surfactant), the
die assembly and a specially designed mixing element (described later) are
placed in between the syringes, and the mixing process is initiated. Figure
1 shows a picture of the syringe pump, the die, and the mixer assembly. The
components of the die assembly are shown in Figure 2.

The original syringe mixer had to be modified for the molding
application. As the various components of the system were being assembled,
air invariably got t{rapped alongside the process liguids, leading to bulk
and surface 1imperfections. To eliminate air bubbles, we modified our
operating procedure, whereby the entire die-mixer-and--syringe assembly was
made under water, and tested for leaks. We also modified the syringe
supports so that the completely assembled system could be placed and secured
inside them.

To cut down the pressure drop across the mixing orifice described in an
earlier section, and thereby reduce the mixing time while still maintaining
emulstion uniformity, we developed a new mixing element (shown in Fiqure 3)
to replace the single orifice. This mixer inftially contained a perforated
plate with a number of holes half to one millimeter in diameter. Later on,
we replaced the plate with commercially avallable pertorated screens with

nominal hole diameters of 200 microns.  The number of holes per unit area



(and therefore the porosity) in these screens is quite high, which results
in a relatively large cross sectional area for liquid flow, which in turn
results in low pressure drop across the mixer. HKe have tried a variety of
combinations of the number of screens and the separation between them. Our
current design uses four screens separated by about one millimeter. The use
of the new mixer has significantly reduced the required mixing time, and
improved the emulsion uniformity.

The material of construction of the die imposes on us some special
requirements. The ideal material should be:

- inert toward the emulsion (it shculd not chemicz1ly react with the
emulsion components, and should not cause or aid emulsion breakup);

easily machinable and capable of yielding a smooth surface; and

- strong (rigid) enough to obtain the design dimensions and maintain
them during the molding operation.

Metals, while strong and capable of yielding a high quality surface
finish, tend to interact with the emulsion. In the initial experiments, the
part surfaces were invariably pitted, pointing to localized emu:sion breakup
near the die surfaces. Gold plating the die surraces in contact with the
emulsion proved to be only marginally useful. Teflon is an ideal material
from the point of view of 1inertness, but is too flexible to maintain
dimensional stability during machining and operation. One way around this
problem s *o use teflcn rigidized by some impregnated materials, such as
ceramic or graphite. We have successfully used both of these, however, our
current material of choice is glass. It is chemically inert toward the
emulsion, rigid, and capable of ylelding a highly polished uniform surface.

The particle count of the ambient air has a major impact on the mold
surface quality. Moving our mold assembling process to a clean bench showed
major improvements in surface quality. Lvan be*ter surface uniformity was
obtained when the whole operation was carried out in a glove .ox wherein the
alr was continually circulated through filters.

RESULTS
Figure 4 shows a hemispherical part made in the glass die, using the new
mixer element and the modified syringe pump. Figure % presents the SIM



picture of another hemisphere to show foam uniformity and cell size.

Figure 4 shows that the surface of the part, although uaiform in most
places, has identifiable nonuniformities in a few places. Also, the surface
is still not within the specified target finish of +/- 5 microns. The
surface finish of the die, being similar to that of the part, does appear to
be the 1limiting factor here. In addition, localized breakdown of the
emulsion may also cause larger surface defects.

FUTURE PLANS

The major probiem in molding polystyrene parts at the present time
appears to be surface finish. The following are some of the ways of
improving surface quality:

- Continue to reduce the particle loading of the environment during the
assembly of the die system. Similar precautions will be needed for all the
chemicals used in the emulsion.

- Improve the die surface finish by techniques such as diamond
machining, grinding, and lapping.



Figure Captions

Figure 1:  Syringe Pump/Die/Mixer Assembly

Figure 2: Details of the Die Design

Figure 3: Details of the Mixer Design

Figure 4: Molded Hemispherical Part

Figure 5: SEM Pictures of the Hemisphere Surface and Interior



Modified syringe pump allows for easier assembly .
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New mixer design gives better
mixing uniformity
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Glass die improves surface quality ,
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Cell size uniformity is a key technical issue n
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